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ABSTRACT 
The prevalence of anterior cruciate ligament (ACL) injury is increasing as 
more people participate in sport activities. Intensive rehabilitation is important before 
and after ACL reconstruction. Many controversial issues still exist regarding the types 
of exercise and the timing of progression in rehabilitation program. Strain and 
displacement measurements have been used to study the effect of rehabilitation 
exercises in the ACL. However, data are still lacking on fast exercises and sport 
training. 
This project investigated the feasibility of using video stereography (PEAK 
motion measurement system) to predict the length change of ACL. Cadaveric knees 
with intact, partially and fully sectioned ACL were employed. 
The investigation began with an accuracy test for the video stereography 
system. The video measurements were then compared with those of a roentgen 
stereophotogrammetric analysis (RSA) system both in capturing the external markers 
position and for subsequently calculation of length change of ACL. The internal 
markers used in RSA were tantalum beads 0.8 mm in diameter, and were inserted into 
both the proximal and distal ends of the ACL arthroscopically. The length change of 
ACL was defined as change in distance between the tibial and femoral internal markers. 
The external markers captured by video cameras were plate markers strapped around 
the skin and skeletal markers anchored into the bone cortex. 
The root mean square for the video accuracy test was 0.3 mm, which was 
within the accuracy required by this project. The intraclass correlation coefficient for 
the capturing of coordinates of the external markers by the two systems was 0.999. 
Twenty three conditions of knees were studied with force application of 0 N and 100 
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N. The correlation coefficients of the length changes of ACL, as calculated by the video 
stereography and RSA, were 0.93 and 0.81 (both p<0.001) for the plate and skeletal 
markers respectively. 
The video stereography commonly used to study three-dimensional and high 
speed movement is feasible to predict the length change of ACL under the 
experimental conditions of this project. The computer programs developed can be 
used in clinical setting. Plate markers can provide satisfactory non-invasive prediction 
in cadaveric study. Further investigation on other conditions of cadaveric knee and in 
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Anterior Cruciate Ligament (ACL) injury is relatively common. In the United 
States, ACL disruptions are estimated to occur in 1 in 3,000 per year (Miyasaka et al 
1991). The prevalence of ACL injury in competitive sports is probably higher 
(Schmidt-Olsen et al 1991, Sherry & Fenelon 1991). 
Disruption of the ACL results in abnormal kinematics of the tibio-femoral 
joint. Injury to the ACL causes the tibia to sublux anteriorly on contraction of the 
quadriceps. Insufficiency of the ACL may clinically manifest itself by giving way. 
Repeated episodes of instability lead to injury of the menisci and degeneration of the 
joint surfaces (Binfield et al 1993). 
The treatment of the injured ACL can be classified into non-operative and 
operative. Most patients treated non-operatively should have a low-risk lifestyle. 
They can achieve nearly normal function provided that they have reasonable 
rehabilitation of the muscles and with the avoidance of high-risk activities. If an 
operation procedure is necessary, most surgeons prefer an intra-articular 
reconstruction with a bone-patellar tendon bone autogenous graft (Johnson et al 
1992). An intensive program of rehabilitation follows the procedure to maximize the 
dynamic stability of thejoint and to allow resumption of activity (Irrgang 1993). 
Rehabilitation of the ACL reconstructed knee has changed significantly during 
the last decade, and accelerated rehabilitation programs have been proposed (Fu et al 
1992, Shelbourne & Nitz 1992). Accelerated programs differ from the traditional ones 
mainly in the time of progression. However, the understanding of the basic 
biomechanics of the reconstructed ACL in this in vivo and dynamic situation is still 
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lacking (Tovin et al 1992). The areas that involve a lot of debating are time factor, 
range of movement allowed, time of weight bearing, types of rehabilitation activities 
and their progression (Tovin et al 1992). 
Investigations on the behavior of ACL are limited to cadaver and early 
rehabilitation stages. Studies have involved in vitro, and in vivo situations. In in vitro 
studies, different types of strain gauges were inserted into the ACL (Kennedy et al 
1977, Arms et al 1984, Meglan et al 1988). Renstrom et al (1986) used a Hall Effect 
Strain Transducer (HEST) to determine the strain during simulated hamstring and 
quadriceps activity. The kinetic linkage device (Hollis et al 1991) and the Oxford Rig 
(Shoemaker et al 1993) were also used to simulate the various external forces acting 
on the knee joint. Since roentgen stereophotogrammetric analysis (RSA) can provide 
very accurate measurements, it has been used extensively in in vitro studies (Maltry et 
al 1989). Recently, robotics technology was employed to study the human joint 
kinematics (Fujie et al 1993). In vitro measurements have helped our understanding of 
the mechanical and structural properties of the ACL, but the main drawback is that 
the effect of the muscles and the external loading encountered during exercise cannot 
be studied. 
In the study of in vivo behavior of ACL, invasive methods are usually 
employed. The strain of ACL during rehabilitation was investigated using direct 
implantation of a strain gauge (Henning et al 1985, Beynnon et al 1995). These 
studies can provide direct and accurate measurements. However, the drawback is that 
the strain can only be measured in the operation theater. Tantalum beads were used to 
study the behavior of the tibiofemoral joint after ACL rupture in the roentgen 
stereophotogrammetric analysis (RSA) system (Karrholm et al 1988), but the imaging 
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rate was only 2 to 4 frames per second. On the non-invasive side, indirect methods, 
such as biomechanical models were used in studying the effect of isometric and co-
contraction of the thigh muscles (Yasuda & Sasaki 1987). But only two dimensional 
models have been developed. In the clinical settings, instrumentation such as KT-
2000, Knee signature system and Genucom are used to examine knee laxity in ACL-
deficient patients. They are easy to use and are widely available. However, these 
external instruments have large inter-observer and intra-observer errors (Fleming et al 
1992). These measurements can only give indirect evidence of the behavior of the 
graft because they are attached to the compliant muscles of the lower limb (Beynnon 
et al 1994). Also, the clinical significance of antero-posterior displacement in 
predicting rotational instability of the ACL-deficient knee has been recently 
questioned (Hyder et al 1996). 
Each method has its own advantages and limitations. When studying the 
behavior of ACL during rehabilitation and functional activity, we need instrumentation 
that meets the demand of these movements. ACL-deficient and reconstructed patients 
are usually young and active. They rely heavily on rehabilitation to resume their 
previous sports as soon as possible. Therefore, ACL rehabilitation involves a large 
amount of fast speed training such as running, jumping and cutting (Risberg & 
Ekeland 1994). Also, when these patients return to their sport, field study is necessary 
to characterize how sports strain the ACL graft. None of the captioned instruments 
can fulfill these criteria because either they can only measure the static condition, or 
their capturing rate is not fast enough, or they are not suitable to study all these fast 
speed rehabilitation exercises and field training. 
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Video stereography is frequently used for studying the human movement 
(Cappozzo 1991). They are widely available and versatile enough to meet the 
demands of such experiments. This project investigated the feasibility of using video 
stereography to predict the length change of ACL in cadaveric specimens. The length 
change of ACL was defined as change in distance between the tibial and femoral 
internal markers. RSA was employed to compare the accuracy of the length change 
predicted. It is hoped that the video stereography investigated will provide a feasible 
and accurate method to study the length change of the ACL in in vivo, three-
dimensional and dynamic situations during rehabilitation and functional activities in 
the future. Therefore, this project aimed 
1. to investigate the accuracy of the video stereography (PEAK motion 
measurement system) in the study of the human knee. 
2. to investigate the feasibility of using external markers and video stereography to 
predict the length change of the ACL in cadaver knees. 
3. to compare the accuracy of two types of external markers: skeletal and plate 
markers. 
4. to study the behavior of ACL under loading and sectioned conditions. 
5. to suggest a non-invasive technique that can be used in in vivo to study the 




2.1 ACL ANATOMY AND BIOMECHANICS 
The ACL is an intra-articular but extra-synovial structure. It arises from the 
anterior tibial plateau and extends superiorly, posteriorly and laterally to attach to 
medial side of the lateral femoral condyle. The ligament consists of multiple 
longitudinal fascicles that courses in spiral rotation between the two bones. Different 
investigators showed that the length of ACL ranges from 31 mm to 38 mm (Girgis et 
al 1975, Odensten & Gillquist 1985). 
2.1.1 Microscopic anatomy 
The basic unit of ACL is composed of collagen fibrils ranging from 150 to 
250 nm in diameter (Danylchuk et al 1978). These fibrils group into collagen fibers, 
which in turn making up a subfasciculus unit, of diameter from 100 to 250 \xm. The 
unit is enclosed by a loose band of connective tissue known as the endotenon. About 
3 to 20 subfasciculi form a fasiculus which is from 250 陣 to several millimeters in 
diameter. This fasiculus is enclosed by an epitenon. The whole bundles of fasiculi are 
covered by paratenon (Fig. 2.1). These individual fascicles are orientated either in a 
linear fashion from femur to tibia, or more commonly in an outward, spiral fashion 
about the long axis of the ACL (Arnoczky & Warren 1988). 
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Fig. 2.1. A diagrammatic view of a cruciate ligament down to the collagen fiber level, 
(from Daniel etal 1990) 
The ACL passes through four transition zones before inserting into bone 
(Laros et al 1971). Zone 1 is the ligament substance. Zone 2 represents a region of 
fibrocartilage. In zone 3, the ground substance becomes mineralized. In zone 4, the 
bone matrix collagen fibers blend with the mineralized fibrocartilage. This anatomy 
allows for a graduated change in stiffness and prevents stress concentration at the 
attachment site (Noyes et al 1974). 
2.1.2 Gross anatomy 
2.1.2.1 Insertion sites and geometric surface of ACL attachment 
The femoral side of ACL is attached to a fossa on the posterior aspect of the 
medial surface of the lateral femoral condyle. Odensten and Gillquist (1985) described 
this attachment as oval, with an average maximal diameter of 18 mm and an average 
minimal diameter of 11 mm (Fig. 2.2). The tibial side is attached to a fossa in front of 
and lateral to the anterior tibial spine. Odensten and Gillquist (1985) found that the 
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tibial attachment is oval, similar to that of the femoral attachment. This attachment has 
an average maximal diameter of 17 mm and an average minimal diameter of 11 mm 
(Fig. 2.3). 
S ^ ® 
Li5~~ ^ - ^ ^ 
Fig. 2.2. Femoral attachment of Fig. 2.3. Tibial attachment of ACL with 
ACL with measurements in mm. measurements in mm. 
(from Odensten & Gillquist 1985) (from Odensten & Gillquist 1985) 
2.1.2.2 Bundles ofthe ACL 
The fascicular nature allows separation of the ACL into anteromedial (AM) 
and posterolateral (PL) bundles (Girgis et al 1975). The separation is according to the 
tibial insertion. Thus the AM bundle arises from the anteromedial aspect of the tibial 
attachment and attaches to the proximal aspect of the femoral attachment. The 
remaining bulk of fascicles that are inserted at the posterolateral aspect of the tibia is 
PL bundle. Researchers suggested that the PL bundle is larger than the AM bundle 
(Smith et al 1993). The two bundles behave differently during flexion of the knee 
joint. In extension, the AM bundle is moderately lax while the PL bundle is tight. In 
flexion, there is lengthening of the AM bundle and shortening of the PL bundle of the 
ligament (Girgis et al 1975) (Fig. 2.4). 
7 
J 1 ^ ^ ^ ； ^ • M 
0 degrees flexion J 90 degrees flexion ) 
Fig. 2.4. Schematic drawing representing changes in the shape and tension of the ACL 
components in flexion and extension. A-A' is AM bundle and B-B' is PL bundle, 
(from Girgis et al 1975) 
2.1.2.3 Blood supply 
The main blood supply to the ACL comes from the ligamentous branches of 
the middle genicular artery as well as some terminal branches of the medial and lateral 
inferior genicular arteries (Arnoczky 1985). 
2.1.2.4 Nerve supply 
The nerve supply to the ACL is from tibial nerve (Arnoczky 1983). Its branch 
enters the capsule posteriorly. Histologic examination revealed that mechanoreceptors 
are present in the ACL. These consist of Golgi tendon organ, RufFini and Pacinian 
corpuscles and some free nerve endings. Based on the above findings, ACL may 
provide information on position, motion, and acceleration (Schultz et al 1984, Schutte 
etal 1987). 
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2.1.3 Functions ofACL 
ACL is one of the major knee stabilizers. It restrains excessive anterior 
translation of the tibia and also serves to limit vams-valgus and axial tibial rotations of 
the knee. 
2.1.3.1 ACL function during anterior-posterior drawer 
Many investigators found that ACL is the primary restraint of anterior 
translation of the tibia. Fukubayashi et al (1982) employed a flexibility approach in 
which they applied controlled anterior tibial forces to study the intact and transected 
ACL knees. They found that anterior displacement was more than doubled for all 
seven flexion angles of the transected knee studied. Torzilli et al (1984) then 
confirmed the increased anterior motion of the tibia in ACL-deficient patients. 
Sullivan et al (1984) also detected from motion studies of cadaveric knees that the 
contribution of medial-side restraints to anterior displacement depended on the 
integrity of the ACL. A different approach, called the structural mechanics approach, 
was used by Butler et al (1980). They applied a precise anterior or posterior 
displacement to the tibia while recording the knee's restraining force. The 
contribution of each ligament was defined separately by the reduction in restraining 
force which occurred after the structure was sectioned. Butler et al (1980) found that 
the ACL was the primary restraint to anterior tibial displacement up to 5 mm for both 
30^ and 90^ of knee flexion. The ACL provided 85 to 87 % of the total restraining 
force at 5 mm anterior drawer for the two flexion angles. Piziali et al (1980) also 
conducted a similar research. They found that the ACL was responsible for 73 to 87 
% of loading during anterior tibial displacement at 30() flexion. A similar result was 
also obtained at full extension of knee (75%). 
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2.1.3.2 ACL function during tibial rotation 
The ACL also plays a role in resisting internal rotation. Kennedy et al (1974) 
observed that the ACL became tense when internal tibial rotation was applied for all 
flexion angles. Piziali et al (1980) used the structural mechanics approach and found 
that the cmciates carried 30 to 42 % of the total torque transmitted at 19�internal 
rotation both at full extension and at 30�flexion ofknee. However, the contribution of 
the cruciates was much less for external rotation of the tibia. It decreased from 12 % 
of total external torque at full extension to 3 % at 30^ flexion. 
The ACL also constitutes a primary mechanism controlling internal rotation 
during anterior drawer. Fukubayashi et al (1982) observed that internal tibial torque 
was produced in the rotationally constrained knee during application of anterior 
drawer force. After sectioning the ligament, the average torque decreased markedly. 
2.1.3.3 ACL function during varus-valgus rotations 
While the medial collateral (MCL) and lateral collateral ligament (LCL) act as 
primary role in controlling the valgus and varus rotations respectively, the cruciate 
ligaments act together as secondary role to resist the rotations (Grood et al 1981). 
Both the flexibility approach (Markolf et al 1984) and structural mechanics approach 
(Piziali et al 1980) yield similar findings. 
2.1.4 Kinematics of ACL 
Kinematic measurement of ACL becomes an important area as a result of 
advanced treatment options now available for the injuries (Smith 1993). The behavior 
of ACL is studied under knee motion and various external loading conditions. The 
data obtained are used to evaluate the functional success of ACL reconstruction, 
reconstruction design and selection of graft. 
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2.1.4.1 Effects of different degrees ofknee flexion on the length ofACL 
Wang et al (1973) inserted pin tips to the two ends of the ACL and found that 
the ligament lengthened 7 % between 0° and 9 0 � o f passive flexion. Hollis et al (1991) 
used a six-degree-of-freedom mechanical linkage device to study the unstrained 
motion of ten human cadaver knees. They found that with passive knee flexion, the 
lengths of AM bundle increase, those of the PL bundle decrease, and the intermediate 
bundle remain relatively constant in length. Takai et al (1993) studied eight intact 
cadaveric knees and obtained a similar result. They found that the anterior portion of 
the ACL lengthened an average of 3.3 mm, whereas the posterior portion shortened 
an average of 1.5 mm between 0° and 90° of flexion. 
2.1.4.2 Effects of external loading on ACL 
Woo et al (1990b) used an Oxford Rig device which allowed six-degree-of-
freedom to study the intact and ACL-deficient human cadaver knees in a simulated 
vertical stance with and without simulated quadriceps stabilization. When the intact 
knee was extended from 100° to 0°, the anterior tibial translation was 24.8土1.8 mm. 
The anterior translation increased throughout the range of knee flexion when a 
quadriceps force was applied. Increased in anterior tibial translation at all flexion 
angles over the intact state was observed after the resection of the ACL In 
quadriceps stabilized knees, they found that the change in translation was small as the 
knee was extended from 100° to 70° flexion. The anterior translation was the greatest 
at 20° and decreased again at full flexion. The authors concluded that both the ACL 
status and the quadriceps force have a significant effect on the anterior tibial 
displacement. 
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Beynnon et al (1992) implanted the HEST into the AM bundle of ACL in in 
vivo. They compared the anterior shear loading of the tibia in relation to the fixed 
femur at 3 0 � o f knee flexion (Lachman test) with 90�(Anterior drawer test). The 
result showed that strain developed in the AM bundle during the Lachman testing (3.7 
%) was consistently greater than that during the drawer test at 90�（1.8 %). 
2.1.5 Biomechanics of ACL 
The main function of ligaments is to resist tensile loading, therefore 
biomechanical studies usually concentrate on studying their behavior under tension 
(Noyes et al 1974, Butler et al 1978). The ligament is tested together with its bone 
end so as to avoid directly gripping the tissue end (Butler & Guan 1990). 
2.1.5.1 Load-elongation behavior 
The load-elongation curve ofligament exhibits four regions (Noyes et al 1974, 
Butler et al 1978) (Fig. 2.5). The first part of the load-elongation curve, region 1, is 
concave and is usually called the toe region. In this region, little force is required to 
unfold the wavy pattern and progressively recruit the fibers, [n region 2，the nearly 
linear region, the collagen fibers become more parallel and they are further elongated. 
In region 3, major failure of fibers bundles occurs. When the maximum load is 
attained, complete failure occurs rapidly. Lastly, in region 4, the post-failure region, 
the tissue loses its load-carrying ability. 
12 
1 0 0 0 厂 
y ^ 4 
g _ MICROFAILURE >^ 
g 500 - y ^ 
’ ' ' - - _ ^ 1 
0 ^ ^ 
I I I I I I i 
0 1 2 3 4 5 6 7 
ELONGATION (mm) 
Fig. 2.5 The load-elongation curve exhibits four regions, (from Noyes et al 1977) 
Numerous factors affect the biomechanical properties of ligaments. These 
include the specimen orientation (Woo et al 1991), strain rate (Noyes et al 1974, Woo 
et al 1990a), maturation and aging (Noyes & Grood 1976, Woo et al 1991), storage 
medium and temperature (Noyes & Grood 1976), pregnancy and the postpartum 
period (Rundgren 1974), and mobilization versus immobilization (Noyes 1977). 
2.1.5.2 Viscoelastic properties of ACL 
Ligaments are viscoelastic materials and display time and history dependent 
behavior (Woo et al 1981, Woo 1982). This response is probably due to the complex 
interactions of collagen, water, surrounding protein, and ground substance. Two tests 
that illustrate the viscoelastic property are the stress relaxation (a decline in stress 
over time under a constant elongation) and creep test (an increase in elongation over 
time under a constant load) (Fig. 2.6). One of the clinical importance of these 
behavior is in the ACL reconstruction. The replacement graft is fixed at some initial 
tension, and it will undergo stress relaxation with time. Also, it may experience creep 
and result in greater length than that during reconstruction. 
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Fig. 2.6. A. Load relaxation curve. B. Creep phenomenon curve. 
The concept of history dependent means that the load-elongation curve will 
vary depending on the previous history of ligament loading (Woo et al 1981, Woo 
1982). The loading and unloading curves of the ligament do not follow the same path 
as a result of internal energy dissipation (called hysteresis) (Fig. 2.7). As the cycling 
continues, the amount of energy lost per cycle decreases. Therefore, cyclic 
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Fig. 2.7. Hysteresis loop of a ligament. 
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2.2 ACL nvJJURY 
2.2.1 Epidemiology 
The knee joint is one of the most frequently injured joints in the body and 
the occurrence of the ACL injury is quite common (Noyes et al 1980). In the 
United States, ACL disruptions are estimated to occur in 1 in 3,000 per year 
(Miyasaka et al 1991). Among the 2,547 patients seen by Miyasaka et al between 
1985 and 1988, ACL was the most frequently injured ligament. The prevalence of 
ACL injury in competitive sports is probably higher (Schmidt-Olsen et al 1991, 
Sherry & Fenelon 1991). 
2.2.2 Mechanism of injury 
Several mechanisms can cause injury to the ACL. The most common one is 
rotational stress on the knee (Feagin et al 1982, Straub & Hunter 1988). The patients 
are usually doing turning and cutting action during sport activities. Excessive valgus 
stress can also damage ACL along with MCL (Straub & Hunter 1988). Anterior force 
to the posterior tibia may rupture the ligament since the ACL is the primary restraint 
to the anterior displacement. Investigators found that hyper-extension also tears the 
ACL (Straub & Hunter 1988). 
Noyes (1977) used a human cadaveric knee to demonstrate the ACL 
progressive failure by using an anterior drawer test. The same curve was divided by 
Carlstedt & Nordin (1989) into three regions correlating with clinical findings (Fig. 
2.8). Region 1: the load applied to the ACL during the anterior drawer test. Region 2: 
the load placed on ACL during physiologic activities. Region 3: load applied to the 
ligament from partial injury to complete rupture. It showed that microfailure has 
occurred throughout the physiologic range even before the yield point is reached. 
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However, the correlation of the results ofNoyes，test in vitro with the clinical findings 
from Carlstedt and Nordin was not based on scientific investigation. Care should be 
taken to interpret the graphic presentation from their work (Fig. 2.8). 
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Fig. 2.8. The load-elongation curve correlates with clinical findings, (from Carlstedt & 
Nordin 1989) 
2.2.3 Clinical signs and symptoms of ACL injury 
The history of an ACL injury involves noticeable pop and pain at the time of 
injury. There is swelling around the kneejoint within a few hours after injury. Physical 
examination reveals effiision and limited range of motion. In the acute phase, there is 
a positive Lachman's test without end point. The pivot shift test is usually positive but 
can be hard to examine in this phase without anesthesia (Renstrom 1995). 
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2.2.4 Consequences after ACL injury 
The loss of ACL may produce abnormal kinematics. Andriacchi and Birac 
(1993) studied the ACL-deficient patients during daily life activities, such as walking, 
stair climbing and jogging. Also, stressful activities such as running to a cut and 
running to a stop were included. They observed that some patients had higher than 
normal hamstring moments during the early phase of stressful activities. Also, the 
majority of the ACL-deficient patients tended to reduce the net quadriceps moment 
when the knee was near full extension during daily activities. The authors suggested 
that these patients had dynamic muscular substitution using the hamstrings and 
adapted to a gait, called "quadriceps avoidance gait" that would decrease the anterior 
pull of the quadriceps. 
Moreover, investigators found that major degenerative changes are resulted 
after the ACL injury (Lynch & Henning 1988). In Lynch & Henning's study (1988), 
they analyzed 1,081 patients with chronic ACL-deficient knees and found that 
osteoarthritis was directly related to the inability of the ACL-deficient knee to protect 
the meniscus. Repeated episodes of instability lead to injury of the menisci and 
degeneration of thejoint surfaces (Binfield et al 1993). 
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2.3 SURGICAL TREATMENT OF ACL nS[JURY 
The treatment of the injured ACL can be classified into non-operative and 
operative. Most patients treated non-operatively should have a low-risk lifestyle 
(Johnson et al 1992). They can achieve nearly normal function provided that they 
have reasonable rehabilitation of the muscles and with the avoidance of high-risk 
activities. If an operation procedure is necessary, most surgeons prefer an intra-
articular reconstruction with a bone-patellar tendon bone autogenous graft 
(Johnson et al 1992). An intensive program of rehabilitation follows the 
procedure to maximize the dynamic stability of thejoint and to allow resumption 
of activity (Irrgang 1993). 
2.3.1 ACL reconstruction 
The aim of the surgery is to restore the stability of the knee. There are many 
factors that affect the outcome of the ACL reconstruction. These factors are still 
controversial which include graft selection, graft placement, isometry and tension, 
graft fixation and post-operative rehabilitation. 
The intra-articular reconstruction with a bone-patellar tendon bone 
autogenous graft is commonly used (Johnson et al 1992, Seedhom 1992). The 
procedure involves harvesting one third of the patellar tendon. The intercondylar 
notch is routinely enlarged to avoid impingement on the graft by the lateral femoral 
condyle. The graft placement sites are carefully selected to achieve isometry. 
Isometric placement refers to the selection of the femoral and tibial sites so that it will 
maintain a constant length of the graft throughout the range of flexion-extension of 
the knee (Fleming et al 1994a). Afterwards, tunnels are drilled on the femoral and 
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tibial sides for the passage of the graft. Screw is used to fixate the bone plug to the 
wall ofthe tunnel (Fig. 2.9). 
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Fig. 2.9. Graft passes through the tunnels and is secured with screws, (from Wilk & 
Andrews 1992) 
2.3.2 Heal ing o f the graft 
Yasuda et al (1989) observed the autogenous patellar tendon grafts on 53 
knees after the ACL reconstruction. They found that the maturation process of 
autografts can be characterized into four phases. Synovial envelopment characterizes 
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the first phase which occurs within 6 months. The second phase, with the ingrowth of 
fibrous tissue, occurs within 6 to 12 months. The transformation of the graft into 
"ligament-like" tissue occurs within 12 to 18 months. The final phase requires more 
than 18 months for its maturation. 
The autogenous grafts will undergo alteration in their biomechanic properties 
during different phases. Kennedy et al (1980) found that a loss of 55 % of the strength 
of the semitendinosus was resulted when implanted in the rabbit. Clancy et al (1981) 
demonstrated that the patellar ligament graft in rhesus monkeys reduced in strength to 
52 % of that of the normal ACL within one year of ACL reconstruction. On the other 
hand, researchers found that the initial weakest point in any tibia-graft-femur 
construct is in the fixation of the graft to bone but not the graft material itself 
(Robertson et al 1986, Kurosaka et al 1987). Therefore, in the post-operative 
rehabilitation, care should be taken to all exercises and activities so that there will not 
be any excessive stress and strain to the weak graft and also its fixation sites. 
Although all these studies were performed either in animals or cadavers, they gave us 
some insights about the biomechanical properties of the grafts. 
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2.4 REHABILITATION 
Rehabilitation plays a very important role in the outcome of both the ACL-
deficient and ACL-reconstructed patients. The goals of the rehabilitation are to 
achieve full range of motion, a return of full strength and dynamic stability, as well as 
a return to normal proprioceptive capability (Hailing et al 1993). The design ofthe 
rehabilitation program has to consider the effects that exercise and activity have on 
the tibial translation as well as strain and load on the reconstructed graft. 
2.4.1 Rehabilitation of the ACL-deficient knee 
Since ACL is one of the important stabilizing factors to the knee joint, its 
disruption requires the compensation of other structures. Treatment should actively 
involve the patients which includes exercises, functional training, bracing, and patient 
education. The muscles around the knee joint should have enough strength and 
endurance to stabilize the joint. Particular emphasis should be put on hamstrings and 
gastrocnemius muscles since they can pull the tibia posteriorly. The normal hamstring 
to quadriceps ratio is approximately 2:3. Irrgang (1993) suggested that the ACL-
deficient knee should be rehabilitated so that the ratio approaches one without any 
weakness of the quadriceps. Recently, the functional importance of the proprioception 
is recognized (Lephart et al 1992) and the training should be emphasized. The use of 
bracing may be helpful but the mechanism behind is still controversial (Irrgang 1993). 
2.4.2 Rehabilitation of the ACL-reconstructed knee 
Rehabilitation of the ACL reconstructed knee has changed significantly during 
the last decade, and accelerated rehabilitation program has been proposed (Fu et al 
1992, Shelbourne & Nitz 1992). The accelerated program (Table 2.2) differs from the 
traditional ones (Table 2.1) mainly in the time of progression. Since the understanding 
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of the basic biomechanics of the reconstructed ACL in in vivo and dynamic situation 
is lacking (Tovin et al 1992), there are a lot of controversial issues existing in the 
rehabilitation protocols. The areas that involve a lot of debating are time factor, range 
of movement allowed, time of weight bearing, types of rehabilitation activities and 
their progression (Tovin et al 1992). 
Table 2 . 1 . Rehabilitation protocol, 1984 through 1985. (from Shelbourne & Nitz 
1992) 
Day 1 Leg splinted at 10�f lex ion, continuous passive motion (CPM) 
begun 
2-3 days Ab/adduction straight leg raises (SLR), extension SLR, passive 
range of motion (ROM) 0 � - 90。，gluteal sets, ambulation 
(nonweightbearing), crutches 
5-6 days Discharge from hospital, CPM and exercises continued at home, 
rigid knee immobilizer (set at 1 0 � ) used except during passive knee 
ROM exercises, hamstring curls, ab/adduction and extension SLR, 
toe touch weightbearing 
3 weeks Quadriceps exercises, active ROM 60° to 90°, gradual light 
resistance. Note: Patients should have attained passive ROM ofO° -
90° assisted by CPM or the well leg. Continue Dobi splint when 
up. May discontinue for sleep 
6 weeks Passive ROM 0 ° to 100 °，weightbearing as tolerated, wear IKO 
(functional knee brace) 10° stops, full time when walking 
8-10 weeks Full weightbearing as tolerated, active ROM 0 to 110 degrees, 
passive stretching to increase ROM, SLR with increased weights, 
eccentric knee extensions, short arc knee extension 9 0 � t o 45°, 
hamstring curls, swimming, stationary bicycling when patient is able 
to walk without crutches. Note: If patient has not attained full 
extension, regimen includes lying prone with 1 pound weight on 
ankle 
12-14 weeks ROM 0 � - 120。，full weightbearing, previously described exercises 
continued, knee bends, step-ups (well leg first; step-down, operated 
leg first), calf raises 
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4 months ROM 0 � t o 130°(goal), brace discontinued for activities of daily 
living (ADL) if patient's quadriceps tone is good, exercises 
increased in intensity with higher weights and more sets and repeats, 
fast speed isokinetics 
5 months Jumping rope 
6 months Cybex at 1807s and 2407s with a 20° block, KT-1000, lateral 
shuffles, walking up to 2 miles per day, short arc knee extensions to 
full knee extensions, squats, use of brace for activities other than 
ADL 
7-8 months Cybex, KT-1000, walking, progressive running and jogging; weight 
lifting continued to strengthen quadriceps, hamstrings, and calf 
muscles; jogging followed by progressive running program, 
including backward running and hill running; agility drills including 
large (gentle) figure of eights; lateral shuffles; slow and fast speed 
isokinetic strengthening exercises 
9-12 months Return to normal activity levels if strength greater than 80 % of the 
non-operated knee, full ROM, no pain or swelling, successful 
completion of functional progression 
Table 2.2. Accelerated rehabilitation protocol, 1987 through 1988. (from Shelbourne 
& Nitz 1992) 
Day 1 Continuous passive motion (CPM), rigid knee immobilizer in full 
extension for walking, weightbearing as tolerated without 
crutches 
2-3 days CPM, passive range of motion (ROM) 0 ° to 90 ° (emphasis on 
full extension), weightbearing as tolerated without crutches 
2-4 days Discharge from hospital; CPM at home. Note: Prerequisite to 
discharge is 1. satisfactory pain management, 2. full extension 
symmetrical to non-operated knee, 3. able to do SLR for leg 
control, 4. full weightbearing with or without crutches 
7-10 days ROM terminal extension, prone hangs (2 pounds) if patient has 
not achieved full extension, towel extensions, wall slides, heel 
slides, active-assisted flexion, strengthening ~ knee bends, step-
ups, calf raises; weightbearing -- partial to full weightbearing; 
gradual elimination of required use of knee immobilizer 
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2-3 weeks ROM ( 0 � t o 110°), unilateral knee bends, step-ups, calfraises, 
StairMaster 4000, weight room activities; leg press, quarter squats 
and calfraises in the squat rack, stationary bicycling, swimming, 
custom-made functional knee brace with no present limits (to be 
used at all times out of the home for the next 4 weeks) 
5-6 weeks ROM ( 0 � t o 130�)，isokinetic evaluation with 20° block at 
1807s and 2407s. When strength is 70% or greater than the 
opposite un-operated knee, the patient can begin lateral shuffles, 
cariocas, light jogging, jumping rope, agility drills, weight room 
activities, stationary bicycling, and swimming. Note: Functional 
brace discontinued (except for sports activities) when muscle tone 
and strength are sufficient 
10 weeks Full ROM; isokinetic evaluation at 607s, 1807s, and 2407s, KT-
1000, increased agility workouts, sport-specific activities 
16 weeks Isokinetic evaluation, KT-1000, increased agility workouts 
4-6 months Return to full sports participation (if patient has met criteria of full 
ROM, no effusion, good knee stability, and has completed the 
running program) 
2.4.2.1 Time factor in rehabilitation program 
The accelerated rehabilitation program is nearly twice as fast as the traditional 
ones. It helps patients return to the full sports activities within 4 to 6 months (Fu et al 
1992). The accelerated program as proposed by Shelbourne et al (1992) was in fact 
derived from a group of patients who did not conform to the traditional programs. 
Shelbourne et al (1992) observed that this group of patients did better than the group 
who were totally compliant to the traditional programs. DeCarlo et al (1992) 
compared the two groups and found that the accelerated rehabilitation program 
following ACL reconstruction resulted in improved range of motion and strength 
gains without compromising stability. Parker (1994) explained the above result with 
graft isometry, and ligamentization of the graft by controlled exercises program. 
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Although the clinical outcomes in a short term of the accelerated program are 
impressive, they are not entirely consistent with the basic science of graft healing 
(Kennedy et al 1980, Clancy et al 1981, Parker 1994). Noyes (1992) argued that 
performing ropejumping, agility drills and stair climbing in 5 to 6 weeks after surgery 
was too early and might cause stretchout of the graft. Also, he did not agree to full 
sports as early as 4 months after surgery as delayed graft maturation was seen in 
arthroscopic and MRI investigation. Johnson and Beynnon (1995) also observed that 
many failed ACL grafts were due to over-aggressiveness of the patients themselves. A 
certain amount of stress and strain is beneficial to the healing of the graft 
(SilfVerskiold et al 1988) but too fast the rehabilitation may cause harm to the newly 
constructed graft. How to strike a balance remains a challenge to clinicians and 
researchers. 
2.4.2.2 Range of movement allowed 
The traditional program immobilized the knee in a long leg cast at 10�. The 
knee was allowed to 0° extension only in the 12th week. Paulos et at (1981) argued 
that the immobilization was necessary because the healing strength of the ligaments 
was extremely low at this period. On the contrary, the accelerated rehabilitation 
program emphasizes the terminal knee extension immediately after operation and 
passive range of motion (PROM) is allowed from 0 � t o 90�starting from day 2 to 3 
(Shelbourne & Nitz 1992). PROM is given to the patients in l:he form of continuous 
passive motion (CPM). Their justification was that the immediate motion can 
minimize the deleterious effects of immobilization, such as articular cartilage 
degeneration, ligamentous strength loss, muscular atrophy, and excessive adverse 
collagen formation (Wilk & Andrews 1992). Therefore, it is a dilemma between 
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protection of the healing graft and the early gain of functional movement and 
prevention of stiffness of knee. Nowadays, the concept of isometry in graft 
reconstruction is advocated (Parker 1994). This can allow early mobilization without 
overstretching the newly reconstructed graft. However, researchers showed that the 
native ACL is not isometric and different bundles will undergo different tension during 
movement of the knee (Fu et al 1992). Consequently, it is difficult to achieve isometry 
in practical situation. Beynnon et al (1994) found that the length of the newly 
implanted graft has already changed during a cyclic movement of flexion and 
extension. Although the short-term clinical outcome seems to be satisfactory 
(DeCarlo et al 1992), there are still lacking well-designed, long-term randomized 
clinical trials (Johnson & Beynnon 1995). Whether we are moving too early and too 
fast is still controversial. 
2.4.2.3 Time of weight bearing 
Partial to full weight bearing started only at 8 to 10 weeks in the traditional 
program (DeCarlo et al 1992). During the early healing period, absolute control of 
forces is required to prevent disruption of the suture line or attachment site (Paulos et 
al 1981). The accelerated rehabilitation program starts the weight bearing at day 2 to 
3 (DeCarlo et al 1992). A similar question on the effect of weight bearing to the 
healing of graft still exists. 
2.4.2.4 Types of rehabilitation activities and their progression 
As a high percentage of sports-related injuries to the kiiees involves the ACL, 
the demand for the types of rehabilitation activities and their progression is very high. 
The activities can be considered as open and closed kinetic chain categories. The open 
kinetic chain exercise is defined as the muscle acts in isolation to perform a task. It 
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accomplishes through incorporation of a combination of several joints united 
successively where the end segment is not fixed (Greenberger & Paterno 1995). This 
results in isolated movement of flexion and extension of the knee. For the closed 
kinetic chain exercise, it is a dynamic incorporation of several muscles necessary to 
accomplish a functional task through the use of a combination of several joints 
successively when the end segment is fixed (Greenberger & Paterno 1995). One 
illustration is that one squats over the fixed foot where the motion occurs 
simultaneously at the ankle, knee and hip. 
During active open chain knee extension, anterior tibial translation (ATD) is 
produced by the quadriceps. Grood et al (1984) demonstrated an increase in the ATD 
after loading the quadriceps in the intact cadaveric knees. Sectioning of the ACL 
further increased the translation. Studies on the isometric exercises revealed that the 
ATD depends on knee angle, loading of the leg, and the application site of the 
loading. Sawhney et al (1990) used a KT-1000 arthrometer to study the effect of knee 
flexion angle on the ATD during isometric quadriceps contraction. Significant 
translation was found between 30° and 45° of flexion but no1 for knee flexion from 
60° to 75°. Beynnon et al (1992) used the HEST to study the normal ACL in in vivo. 
They observed that there were significantly higher values of AM bundle strain 
measured at 30° of knee flexion in comparison to that at 90°. Lysholm and Messner 
(1995) compared the normal knee with the injured side and found that the isometric 
quadriceps produced significant ATD at 20° and 45°. All these studies indicate that 
isometric exercises can be detrimental to the reconstructed graft in certain knee range. 
Beynnon et al (1992) suggested that isometric quadriceps activities at 9 0 � o f knee 
flexion can be practiced immediately after ACL reconstruction. 
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The strain of the ACL also depends on the load given to the limb. Beynnon et 
al (1995) demonstrated that at 10° and 20° ofknee flexion, application of45 N to the 
lower leg significantly increased the ligament strain than active motion without the 
weight. Isometric hamstrings action at 30°, 60�and 90�a l l produced 0.0 % (refer to 
Table 2.3). 
Mechanisms are investigated to reduce the stress in the ACL during the 
rehabilitation exercises (Tovin et al 1992). Alteration of the site of resistance 
application is a possible one. Studies showed that during isometric and isokinetic 
(180%) knee extension, moving the site of application of loading proximally on the 
tibia significantly decreased the ATD (Jurist & Otis 1985, Nisell et al 1989). The 
second mechanism is to perform co-contraction of hamstrings during contraction of 
the quadriceps. This will counteract the anterior pull of the quadriceps on the tibia. 
Renstrom et al (1986) studied the cadaveric knees using simulated isometric co-
contractions. The findings suggested that co-contraction of the hamstrings can 
significantly reduce the ACL strain compared to quadriceps activity alone, but only in 
the range of 30° to 90° of knee flexion. In vivo study showed a similar result 
(Beynnon et al 1995). The authors demonstrated that co-contraction of quadriceps 
and hamstrings at 15�produced a significant increase in ligament strain (2.8 %) when 
compared with the relaxed state but did not strain the ligament at 30� (0 .4 %) , 60� 
and 90�(both 0.0 %) offlexion (Table 2.3). 
Isokinetic exercises are commonly used to train the ACL-deficient and 
reconstructed patients. Isokinetic assessment is employed to determine the 
commencement of the more vigorous agility exercises (Shelboiirne & Nitz 1992). The 
accelerated rehabilitation program starts with the isokinetic evaluation at 5 to 6 weeks 
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where the traditional program only begins at the 6th month (Shelbourne & Nitz 
1992). Studies showed that isokinetic exercises will produce anterior shear force in 
certain angles ofknee (40�in study ofKaufman et al 1991; 6 0 � i n study ofNisell et al 
1989). Posterior shear force will occur if the knee is more than the captioned angles 
during extension. The speed of the isokinetic performance also alters the anterior 
shear force encountered by the knee joint. Kaufman et al (1991) found that the peak 
anterior shear force was 0.3 ofbody weight at 607s while that for the 1807s was 0.2 
body weight. That may be the reason why the rehabilitation personnel start with 
higher speed isokinetic training (Shelbourne & Nitz 1992). But research towards the 
effect of the isokinetic exercise on the healing of the graft is still scanty. The optimal 
parameters and time of administering the isokinetic training and evaluation programs 
remain unanswered (Malone & Garrett 1992). 
Closed kinetic chain exercises are advocated in the current rehabilitation 
programs (Shelbourne & Nitz 1992, Bynum et al 1995) because the effect of strain on 
the ACL appears to be reduced. Palmitier et al (1991) proposed a biomechanical 
model that explained the reduced shear forces at the tibiofemoral joint due to axial 
orientation of the applied load and muscular co-contraction. This was experimentally 
demonstrated in in vivo by Pope et al (1991) who studied the effect of the squatting 
exercise on anterior tibial translation and ACL strain. They found that the ACL was 
slack if the knee flexion was greater than 17° during squatting. There was a further 
decrease of the ACL strain if increasing the resistance by using an elastic rubber tube. 
Other studies have a similar conclusion (Yack et al 1993, 1994; Ohkoshi 1991). Pope 
et al (1991) proposed three mechanisms that explained the decrease of ATD. These 
mechanisms include difference in arthrokinematics during squai:ting, co-contraction of 
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the hamstrings, and an increase in joint compression between the articular surfaces. 
On the contrary, Johnson and Beynnon (1995) measured the direct strain on the AM 
bundle of normal ACL using HEST. They found that higher strains are produced from 
squatting with (4.1 %) and without (3.4 %) a sportcord than previously reported 
(Table 2.3). The healing ACL must withstand the stress and may be overstretched and 
damaged if done too early in the rehabilitation program. 
Table 2.3. A rank ordering of different rehabilitation activities based on the peak 
strain value developed during different activities, (from Johnson & Beynnon 1995) 
Activity Peak strain 
Isometric quadriceps @ 15 ° 4.4% 
(to 30 Nm of extension torque) 
Squat with Sportcord (an elastic cord to increase the resistance in 4.1% 
exercise) 
Active Range ofMotion with a 45 N weight boot 3.8% 
Lachman Test (15 0 N of anterior shear) 3.7% 
Squat without Sportcord 3.4% 
Active Range of Motion 2.8% 
Simultaneous quadriceps & hamstrings contraction @ 15° 2.8o/o 
Isometricquadriceps@30° 2.7�/^ 
(to 30 Nm of extension torque) 
Anterior drawer (150 N of anterior shear) 1.8% 
Isometric hamstrings @ 15 “ 0.6% 
Simultaneous quadriceps & hamstrings @ 3 0 � 0.4% 
Passive Range ofMotion 0-1% 
Isometric quadriceps 60° - 9 0 � 0.0% 
(to 30 Nm of extension torque) 
Simultaneous quadriceps & hamstrings 6 0 � & 9 0 � 0.0% 
Isometric hamstrings @ 30。，60°, and 90° 0.0% 
(10 Nm of flexion torque) 
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In its entirety, the scientific evidence and clinical experience are not adequate 
for the ACL post-operative rehabilitation program (Fu et al 1992, Irrgang 1993). 
Some authors even comment that the rehabilitation program are based on biased, 
poorly controlled, and defective epidemiologic research (Jonhnson & Beynnon 1995). 
Furthermore, most of the studies on the behavior of ACL during exercises have 
focused on the initial stages of the rehabilitation. Scanty reports are available on the 
later stage of rehabilitation. The ACL patients are usually young and active, and rely 
heavily on rehabilitation to resume their previous sport as soon as possible. Therefore, 
the ACL rehabilitation program involves a large amount of high speed training such as 
running, jumping and cutting (Risberg & Ekeland 1994). The accelerated 
rehabilitation program starts all these activities from 5 to 6 weeks onwards while that 
for the traditional one is at 5 to 6 months. The scientific support to employ the rapid 
rehabilitation is lacking. Henning et al (1985) measured strain during the activities 
progressed from crutch walking, walking, slow jogging to fast jogging but the result 
cannot be generalized because only two subjects with a partial ACL were studied. 
According to the author's knowledge, no study has been conducted on the strain or 
displacement of the ACL during different types of sports activities. 
As a conclusion, the accelerated rehabilitation protocols advocated are not 
based on truly validated research data (Johnson & Beynnon 1995) and the stresses 
imposed on the ACL by various activities are unknown (Fu et al 1992). 
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2.5 KJNEMATIC MEASUREMENT 
2.5.1 Reasons for kinematic measurement 
Different methods of measuring the kinematic behavior of ACL are available. 
They serve different purposes. Firstly, the laxity of the knees among the ACL-
deficient and ACL-reconstructed patients can be evaluated by measuring the anterior 
displacement of the tibia relative to the femur. The data can be used to make 
diagnosis, evaluate the progress and assess the limits of joint motion (Myrer et al 
1996). Secondly, the length change pattern of the ACL is measured and studied 
during rehabilitation exercises. These data are utilized to give guidelines to the 
rehabilitation personnel. Any exercises or activities that give too much length change 
of the ACL will be deferred to a later stage in view of the overloading of the ACL 
graft (Beynnon et al 1995, Lysholm & Messner 1995). Thirdly, the length change 
pattern of the ACL during different rehabilitative exercises and activities can be 
documented. The information will be employed to classify the intensity of the 
rehabilitative activities. The classification can help to conduct the randomized clinical 
trial which will assess the clinical outcome of the traditional and accelerated 
rehabilitation programs (Johnson & Beynnon 1995). 
2.5.2 Measurement methods 
Different methods are employed to measure the kinematic behavior of ACL. 
They are strain measurement, shear force prediction using Biomechanical models, and 
displacement methods. Each method has its unique methodology, instrumentation, 
and clinical application. 
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2.5.2.1 Strain measurement 
Investigations on the strain of ACL have been comprehensive. Studies 
have involved in vitro and in vivo situations. Strain is defined as 
(L 一 Lo) 
e = ^ xlOO (Beynnon et al 1992) 
Lo 
where e is the strain, 
L is the final length of the ACL and 
L � i s the original length. 
1. In in vitro studies, different types of strain gauges have been used to study the 
ACL. Mercury strain gauge were used by Kennedy et al (1977) and Arms et al (1984) 
while Meglan et al (1988) used the liquid metal strain gauge. Renstrom et al (1986) 
used the HEST to determine the strain of ACL during simulated hamstrings and 
quadriceps activity. The HEST was attached to the lower portion of the AM bundle 
of ACL, using 4-0 vicryl sutures to secure the transducer. The contribution to the 
strain of the ACL by the hamstrings and quadriceps were studied. Woo et al (1983, 
1987) used video camera technique to study the strain of the ligaments. The video 
camera methodology was reviewed in section 2.7. 
2. In in vivo condition, Henning et al (1985) studied the load-elongation 
characteristics of Grade II sprain of the ACL by inserting a ligament elongation gauge 
and bone load gauge into the proximal part of the tibia of two subjects (Fig. 2.10). 
The behavior of the ACL during exercises and functional activities were measured 
using the Lachman's test with 80 pounds as the baseline. The result cannot be 
generalized as there were only two subjects in their studies and one of the 
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participants could only finish a few items. Also, comparison of their result is difficult 
because the authors used the percentage of the Lachman's test as the measurement 
parameter while the strain was not reported. 
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Fig. 2.10. Gauges used in Henning et al's in vivo study, (from Henning et al 1985) 
Recently, the Vermont's group used the HEST to investigate the in vivo strain 
ofthe ACL (Berruto et al 1991, Beynnon et al 1992, Fleming et al 1993, Fleming et al 
1994a, Beynnon et al 1994, Beynnon et al 1995). In their procedure, the HEST was 
inserted into the knee joint with the arthroscopic technique. It was then embedded in 
the AM bundle of the ACL by barbed attachment prongs (Fig. 2.11). After 
implantation of the HEST, patients were asked to perform various tasks. The strain of 
the ACL was measured. Beynnon et al (1992, 1995) studied the normal ACL during 
rehabilitation exercises (the result can be referred to Table 2.3 in section 2.4). Strain 
values were calculated from the HEST and referred to the strained-unstrained 
transition state of the ACL, called zero strain (Fleming et al 1994b). The isometric 
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quadriceps performed at 15° with 30 N-m extension torque was found to be the 
highest in the strain measurement, being 4.4%. Isometric work performed by the 
hamstrings resulted in 0.0 % strain. These findings are useful as some guidelines can 
be given in rehabilitation of the ACL-reconstructed patients. 
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Fig. 2.11. Implantation of HEST on the AM aspect of the bone-patellar ligament-
bone (B-PT-B) graft, (from Beynnon et al 1994) 
The in vivo graft of the ACL was studied by Berruto et al (1991) and Fleming 
et al (1994a). In 1994, Fleming et al compared the pattern of elongation between an 
intra-operative isometric measurement (CA-5000 drill-guide isometer) and the local 
elongation of graft after reconstruction of the ACL using HEST. In this study, the 
authors did not use the zero strain as their reference. Rather, they chose 10�knee 
flexion as the reference length (lo). The result showed that there was no significant 
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correlation between the isometric measurement and the local elongation of the graft 
(coefficient of determination r^  = 0.05). In fact, within 10 to 30�knee flexion, the two 
curves demonstrated a decrease in length, but the two measurements deviated at 
angles of flexion of 40° and so on (Fig. 2.12). The authors suggested that the center 
of the graft might not coincide with the center of the graft tunnel as measured by the 
isometer. Also, the surface strain of the ACL might not correlate with the elongation 
between the end of the two tunnels due to the complex fibre orientation of the graft. 
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Fig. 2.12. Graph showing the mean isometric (by isometer) and local elongation 
patterns of the grafts (by HEST) during passive extension of the knee joint. The 
values in parentheses are the standard deviations for the nine patients who were 
tested, (from Fleming et al 1994a) 
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Fleming et al (1993) also compared the anterior tibial translation as measured 
by Knee signature system (KSS), a commercially available arthrometer, with HEST in 
the AM bundle of the normal ACL. The knees at 30° and 90° flexion were compared 
using a regression analysis to determine if AM bundle strain could be predicted from a 
measure of anterior tibial translation. The coefficient of determination (r^) for 30�was 
0.59, with the regression equation: 
y = -0.04 + 0.49x 
where y was the predicted value of strain and 
X was the measured value of anterior tibial displacement. 
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The r for the 90° knee flexion was 0.002. Fleming et al concluded that the AM 
bundle strain could not be predicted from an external measurement of tibial 
displacement at 90° in this experiment. They observed that 1;he anterior shear load 
given at 90° knee flexion could only produce a very small amount of strain to the AM 
bundle as measured by the HEST. But the KSS recorded a significant amount of 
displacement. The authors postulated that the AM bundle was not a primary stabilizer 
of anterior tibial translation when the knee was flexed at 90�. Since the application of 
HEST is limited to the AM bundles, other portions of the ligament e.g. PL bundles 
might take up the loading which could not be measured by this system. 
In another study performed by Beynnon et al (1994), the behavior of the ACL 
grafts in vivo was studied. They observed that the length of the graft increased in 
some of the subjects through the initial passive motion cycles, while others, it 
decreased. The authors suggested that the changing of the graft length should be 
considered during rehabilitation. 
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The HEST system has the advantage of direct measurement of the ACL and 
any errors resulting from indirect investigation can be avoided. However, it has 
several drawbacks: 1. the study is confined to the operation theater; 2. a limited 
number of subjects is involved; 3. for implantation of transducer, an anesthetic is 
necessary and proprioception will be affected. This may lead to inappropriate action 
of the periarticular muscles (Lephart 1992); 4. HEST involves direct implantation into 
the mid-substance of the ligament which is invasive. Also, the strain measurement can 
only be made at the transducers attachment sites which occupy a small percentage of 
the whole length of the ligament. Investigators using the HEST assumed that the 
strain along the fibers is proportional (Fleming et al 1993). However, their argument 
is not sound as non-homogenous nature exists in ACL (Laros et al 1971). The strain 
of the mid-substance of the ACL cannot represent the whole length of the ligament. 
This may explain why the HEST has low correlation coefficient values with the 
isometer and the arthrometer as described previously. Therefore, the clinical 
application of the HEST system is limited. 
2.5.2.2 Shear force prediction using Biomechanical models 
Yasuda and Sasaki (1987) studied the biomechanics of the simultaneous 
isometric contraction of quadriceps and hamstrings in 20 healthy adult males. A two-
dimensional (2-D) model composed from roentgenographic pictures and 
electromyographic analysis was set up. Shear forces at various flexion angles of the 
knee were calculated. They observed that anterior drawer force occurred only within 
7.4° of knee flexion. A similar methodology was employed to study the standing 
position (Ohkoshi et al 1991). Shear force exerted on the tibia was measured during 
standing on both legs. Simultaneous contraction of the quadriceps and hamstrings was 
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detected in all electromyograms. Posterior drawer force occurred throughout the 
testing positions. They considered that standing on both legs was safe in the early 
rehabilitation stage. 
This methodology provides measurement of forces in in vivo situation. It 
caters for the functional position and the effect from the muscle work. However, the 
model used is two-dimensional and static posture can be measured. Moreover, only 
the shear force exerted on the tibia is deduced, but exactly what has happened to the 
ACL graft is still unknown. 
2.5.2.3 Displacement method 
1. In vitro 
The kinetic linkage device (Hollis et al 1991) and the Oxford Rig (Shoemaker 
et al 1993) were used to simulate the various external forces acting on the cadaveric 
knee joint. Hollis et al (1991) used the linear variable differential transformers, with a 
50 mm range and maximum nonlinearity of ±0.5 percent full scale, to measure the 
anterior-posterior, proximal-distal and medial-lateral translations of the knee joint. 
Shoemaker et al (1993) used a linear potentiometer which was mounted rigidly to the 
tibia to measure the anterior-posterior tibial displacement. Recently, robotic 
technologies are employed to control and measure the force and position of synovial 
joints for the study ofjoint kinematics. Fujie et al (1993) utilized the methodology to 
simulate physiological loading conditions and to perform an anterior-posterior 
translation test on a human cadaveric knee. RSA can provide very accurate 
measurements, and it has been used extensively in in vitro studies (Maltry et al 1989). 
RSA was reviewed in section 2.6. 
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In vitro measurements have helped our understanding of the mechanical and 
structural properties of the ACL. But the main drawback is that the complex effect of 
the muscles and the external loading on the ACL during exercise is difficult to 
simulate (Beynnon et al 1995). 
2. in vivo 
Since ACL is the primary restraint of anterior translation of the tibia, the 
extent of the knee ligament injuries can be estimated by testing knee-joint laxity. 
Manual techniques such as the Lachman test and anterior drawer test, executed in 20° 
and 90° respectively, are commonly employed. Commercial instruments e.g. KT-1000 
and KT-2000 are available for the objective evaluations of the antero-posterior laxity 
(Myrer et al 1996)(Fig. 2.13). These instruments have been assessed for their 
reliability, validity and responsiveness to change and used extensively in clinical 
populations (Maitland et al 1995). However, the clinical significance of anterior laxity 
in predicting the ACL-deficient knee has been recently questioned. Hyder et al (1996) 
compared the anterior laxity with 62 patients' functions. They found that there was no 
correlation of the KT-1000 measurement to patient perceived functional score 
(Cincinnati symptom questionnaire, regression coefficient of 0.21 and statistically not 
significant) nor activity level (Tegner activity level score, regression coefficient of 
0.99 but statistically not significant). The possible explanation is that the antero-
posterior displacement cannot predict the three-dimensional (3-D) change of the knee 
joint especially the rotational instability component of the ACL 
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Fig. 2.13. KT-2000, an arthrometer used to measure anterior-posterior laxity of the 
knee, (from Daniel et al 1985) 
Dynamic study on the anterior laxity is also investigated. In clinical 
settings, instrumentations such as Knee signature system (KSS) and Genucom are 
used to examine knee laxity in ACL-deficient patients. Yack et al (1993, 1994) 
used the KSS to study the anterior tibial displacement in closed and open kinetic 
chain exercise in the ACL-deficient knee. The displacement was measured 
between the tibial tuberosity and the center of the patella. The validity of the KSS 
system claimed by the authors was based on the study of Fleming et al (1993). As 
mentioned above, the KSS only had a statistical significant correlation (r^  = 0.59) 
with the AM bundle at 30° of knee flexion but not with 90° (r^  = 0.002). In 
Yack's experiment (1993), the subjects were instructed to perform the exercises 
up to 90° knee flexion. Therefore, the validity of their findings was questioned. 
Queale et al (1994) investigated the reliability and error associated with the three 
instrumented laxity measurements, and found that KT-2000 provided the most 
reliable measurements. However, these external instruments were found to have 
large inter-observer and intra-observer errors (Fleming et a] 1992). They are 
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criticized of giving only indirect evidence of the behavior of the graft because 
they are attached to the compliant muscles of the lower limb (Beynnon et al 
1994). Likewise, the clinical significance of antero-posterior displacement in 
predicting rotational instability of the ACL deficient knee has been recently 
questioned (Hyder et al 1996). 
MRI has been accepted as non-invasive and effective tool in soft tissue 
diagnosis. Investigations on the ACL diagnosis were performed (Spiers et al 1993, 
Cassar-pullicino et al 1994, Do-dai et al 1994). The functional MRI is used in the 
evaluation of the cervical spine (Roca et al 1993). The feasibility of MRI in studying 
the dynamic, fast moving exercises requires further investigation. 
RSA is also used in the study of the kinematic measurement in in vivo 
condition and the topic was reviewed in section 2.6. 
Each cited method has its own advantages and limitations. As reviewed in 
section 2.4, the ACL rehabilitation program consists of a vast amount of dynamic 
exercises and high speed training such as running, jumping and cutting (Risberg & 
Ekeland 1994). Therefore, an instrumentation that meets the demand of 
measuring the 3-D and dynamic behavior of the ACL with sufficient imaging rate 
is required. Also, when patients return to their sport, field studies should be 
conducted to characterize how sports affect the length change of the ACL graft. 
That will demand a relatively portable measurement system. However, none of 
the captioned instruments can fulfill all these criteria. Either they can only 
measure the static condition, or their capturing rate is not fast enough, or they are 
not suitable to study all these high speed rehabilitation exercises and field training. 
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Video stereography is frequently used for studying the human movement 
(Cappozzo 1991). They are widely available and versatile enough to meet the 
demands of such experiments. Therefore, this project investigated the feasibility 
of using a video stereography system to predict the length change of ACL. The 
literature review on the video stereography was in section 2.7. 
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2.6 ROENTGEN STEREOPHOTOGRAMMETRIC ANALYSIS (RSA) 
2.6.1 Plain radiographic method 
The plain radiographic method has been used to measure the behavior of 
human ACL. Torzilli et al (1981) used the plain x-ray method to evaluate the antero-
posterior motion of the knee in in vivo. They observed that large errors in 
measurement of laxity would result if the rotational motions were not accounted for. 
Ohkoshi et al (1991) analyzed the biomechanics of rehabilitation in standing position 
using a 2-D model composed of lateral x-ray pictures and electromyographic studies. 
Hirokawa et al (1992) used plain x-ray to study the antero-posterior and rotational 
displacement of the tibia elicited by quadriceps contraction in 12 cadaveric knees. 
However, the plain radiographic method has its own defects in two aspects (Brown et 
al 1976). Firstly, it is a 2-D measurement. It cannot describe the true 3-D geometric 
nature of the behavior of ACL under kinematic motion. Secondly, it fails to detect the 
dimensional change accurately. The reason for these defects is that the x-ray tube is 
practically regarded as a point source, magnification and distortion of images can be 
produced with any object which is not coplanar with the x-ray film. 
2.6.2RSA 
Investigators overcame the above-mentioned problems by combining the 
photogrammetric and x-ray method: that is roentgen stereophotogrammetry analysis 
(RSA). This method involves a roentgen calibration equipment, mathematical 
principles including rigid-body kinematic analysis, and identifiable body points or 
radiopaque markers. It can determine mathematically the three dimensional geometric 
data of size, position and shape of an object on the resulting radiographs (Selvik 
1989). Also, the accuracy of RSA is quite high for the kinematic measurement. Dijk 
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et al (1979) commented that depending on the film size and reference cage size used, 
the accuracy in determining the 3-D coordinates of an object point is approximately 
0.01 to 0.05 mm. In Ryd's study (1986) on micromotion in knee arthroplasty, he 
found that the RSA has a technical accuracy of 0.2 mm. 
RSA has been used frequently in kinematic measurement. In 1976, Brown et al 
applied the technique to study the biomechanics of the spine. From 1973 to 1983, 
Selvik's group has implanted tantalum markers to 700 patients. The main fields of 
their studies were treatment of leg length discrepancy, ankle fractures in children, 
spinal fusions, and high tibial osteotomy for gonarthrosis (Selvik et al 1985). Dijk et al 
1979 used the RSA system to evaluate the 3-D kinematic behavior and cruciate 
ligament length patterns of two cadaveric knee joints. Karrholm et al (1988) 
implanted three to five 0.8 mm tantalum beads into the distal femur and proximal tibia 
of 10 patients to study the active knee motion after cruciate ligament rupture. The x-
ray imaged at 2 or 4 frames per second during the active flexion of knee. An average 
of 10 pairs of radiographs were obtained for each series. Their result indicated the 
knee joint is continuously exposed to abnormal stresses when the ACL is torn. Friden 
& Lindstrand (1992) used the RSA to study the laxity and graft fixation after 
reconstruction of the ACL on 11 patients. They found that the ends of the patellar 
tendon graft migrated maximally 0.7 mm. 
2.6.3 Convergent versus Biplane x-ray methods 
Two systems of RSA have been developed. A convergent x-ray 
photogrammetric system refers to the system where there are two x-ray projections 
with central beams inclined at the range of30° to 45° with a common axis (Dijk 1983) 
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(Fig. 2.14a). Biplane system is the system where two x-ray projections with central 
beams perpendicular to each other (Mak 1979)(Fig. 2.14b). 
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Fig. 2.14. The two RSA systems, a. Convergent system b. Biplane system (from Tang 
1993) 
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Although the set-up of x-ray photogrammetric methods can vary in different 
studies, essentially, it should be composed of the following components (Tang 1993): 
1. two independent projections of x-rays with central beams inclined at certain 
angles with each other; 
2. a study object with identifiable points or radiopaque markers; 
3. a reference frame with calibrated marking points; and 
4. recording materials such as radiographs to carry information of marker points 
of the study object and marker points of calibrated reference frame. 
Lippert and Harrington (1982) compared the convergent and biplanar x-ray 
systems in studying the joint loosening. They found that both systems measured 
distance with accuracy up to 0.2 mm (root mean square). If the system was intended 
to measure only the hips or knees, in their opinion, the biplane system was simpler and 
offered less radiation dosage to the patient. On the other hand, the convergent system 
was more flexible for a wide range of anatomical studies. However, the convergent 
system produced double images on the same radiograph which made the identification 
of markers difficult. Also, the convergent x-ray beams produced a greater distortion 
on the anatomical features of the study object which caused difficulty in recognition of 
the features (Tang 1993). Therefore, biplane x-ray method (Mak 1979, Tang 1993) 
was employed in this project to verify the accuracy of the video stereography in 
predicting the length change of ACL. 
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2.7 VTOEO STEREOGRAPHY 
The use of video technology for laboratory and clinical motion analysis has 
become widespread. It has been used to study various forms ofhuman movement and 
sports activities (McNitt-Gray et al 1993, Trepman et al 1994, Hong et al 1995). The 
video sampling rates can vary from 50 to 2000 Hz, depending upon the video 
hardware used (Scheirman & Cheetham 1990). Fast movement can be captured by 
these systems. Video stereography is using more than one camera to study the 3-D 
motions of objects. Similar to the principle of RSA system, video stereography 
involves a calibration equipment, mathematical principles including rigid-body 
kinematic analysis, and markers. It can determine mathematically the 3-D position of 
an object. 
2.7.1 Kinematic studies 
Andriacchi et al (1977) studied the walking speed of normal subjects and 
patients with total knee replacement. The speeds obtained were 1.2 m/s and 0.7 m/s 
for the normal subjects and patients respectively. In another study on the lower-limb 
mechanics during stair climbing, Andriacchi et al (1980) employed a two-camera 
video system and a force-plate to investigate the forces generated and the functional 
requirements during stair climbing. The video cameras rated at 75 Hz and with 
resolution of 1 in 500 (Fig. 2.15). 
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Fig. 2.15 Cameras position in relation to the staircase and walkway, (from Andriacchi 
et al 1980) 
Based on the above studies, the same group used similar instrumentations and 
methodology to study the functional performance of the ACL-deficient patients 
(Andriacchi & Birac 1993). The subjects were asked to walk and then run at 
approximately 2.5 m/s and then cut at 90° to the direction of the progression. The 
authors measured the external moments of the knee joint and observed that the net 
hamstring moment was increased during the early stance phase. This can dynamically 
stabilize the knee for the high twisting and adduction moments that occur during these 
activities. Moreover, the ACL-deficient patients showed a "quadriceps avoidance" 
during level walking (refer to section 2.2.4). All these alternations of muscle actions 
and adaptation may not be reflected by just measuring the passive laxity of the knee 
joint (Hyder et al 1996). 
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Lafortune et al (1992a) used intra-cortical pins and photogrammetry to study 
the gait pattern of 5 normal subjects. Four Locam cameras operating at 100 Hz were 
employed to film the subjects who walked at a mean speed of 1.2 m/s. The six-
degree-of-freedom motions of the knee joint were measured. The pattern of antero-
posterior drawer of the tibia showed a similarity among the subjects during the flexion 
and extension of the tibiofemoral joint. The displacement ranged from 14.3 mm 
posteriorly to 1.3 mm anteriorly (Fig. 2.16a). The distraction and compression also 
showed a similar pattern and reached a maximum of 7.0 mm distraction during swing 
phase (Fig. 2.16b). No study of similar kind is performed on the ACL-deficient or 
ACL-reconstructed patients. Also, it would be interesting to compare the anterior 
drawer result during walking with the passive laxity test of the kneejoint. 
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Fig. 2.16 Pattern of tibiofemoral joint linear displacement during walking. The 
patterns begin with heel strike and end with heel strike of the ipsilateral limb. The 
thick and thin lines represent the average and individual patterns, respectively, a. 
antero-posterior drawer b. distraction and compression (from Lafortune et al 1992a) 
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2.7.2. Strain studies 
Other than the kinematic measurement, video camera methodology has also 
been used to measure the strain of ligament. Woo et al (1983) used a video 
dimensional analyzer (VDA) to study the mechanical properties of ligament substance 
of animals. The VDA system provided a noncontact technique to measure the surface 
strains of the ligament. It also permitted the study of the regional strain variation 
along the ligament substance (Fig. 2.17). The VDA system was 25 Hz and the errors 
in linearity and accuracy were less than 0.5 % (Woo et al 1983). The authors noticed 
that the ligament-bone structure stretches non-uniformly with the highest deformation 
occurring near or at the ligament insertion sites to bone. The VDA technology was 
also employed to evaluate the biomechanical properties of healing canine medial 
collateral ligaments (Woo et al 1987). 
3VIDE0 CASSETTE RECORDER LOAO _ 2 
^ r ^ d C ^^ 
^ S ? = f ^ ^ ^ ^；；^ / VIOEO DIMENSION ANALYZER 
^ ^ ^ 3 " , 汽 BATH / ^^~~g^ 
^ ^ 4 o ^ ^ ^ ^ " ^ ^ ^ 7 ) 
_ _ ^ ) 产 VJOEO CAMErtA / / 
t f f i l ^ ^ MCL ^ ^ > ^ / 
^ - C 3 ; i p ^ i ^ ^ ^ r F ^ - = j 
I 'jv J j ST^^ 0 0 B 
TENSILE ^ L � y 
LOAD TV MONITOR STRIP CHART RECORDER 
Fig. 2.17 Schematic ofVDA set-up. (from Woo et al 1983) 
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Adams et al (1996) used a video camera system to image the strain in the ulnar 
collateral ligament at different degrees of metacarpophalangeal joint flexion. The 
authors did not define a zero-strain position for the ligament but chose a -10� jo int 
position as the baseline for strain calculations. The markers used were 1.1 mm in 
diameter and the claimed system error for identifying marker locations was 0.004 mm. 
Video system has been utilized for ACL studies both in kinematic and strain 
measurement. But the strain measurement only confined to cadaveric studies. 
Therefore, video stereography may provide a means to measure the length pattern of 
ACL during kinematic movement. Its feasibility will be explored. 
2.7.3 Errors from video camera measurement 
Errors arising from the video camera measurement may come from the 
photogrammetric error and skin movement artefacts (Cappozzo et al 1995a). The skin 
movement artefacts will be discussed in section 2.8. Photogrammetric error comprises 
of two errors: systematic and random errors. Cappozzo et al (1995a) stated that "the 
magnitude of the systematic error depends usually on the position that the marker 
assumes within the measurement field and it is due to optical distortion and other 
types of instrumental non-linearities which the calibration experimental procedure and 
associated stereophotogrammetric model used could not compensate for". While for 
the random errors, they stated that "the random error is caused by the quantification 
inherent in the digitizing process which transforms the target point image coordinates 
into their numerical values". Therefore, the errors produced will depend on the video 
camera system and the way of digitizing the images. The error and accuracy of the 
video stereography system will be studied in this project. 
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2.8 EXTERNAL MARKERS 
The marker points (called the external markers as differentiated from the 
internal markers, tantalum beads, that are implanted into the ACL through an 
arthroscopic technique in RSA system) are imaged by the video cameras for the 
determination of the limb segments position. Cappozzo et al (1995b) summarized 
some guidelines for the design of marker points: 
1. the number of markers associated with each bony segment must be equal to 
three or more and they are not colinear; 
2. the view of the markers should be imaged by at least two cameras; 
3. the relative movement between markers and underlying bone should be 
minimal; 
4. mounting of the markers on the subject should be easy and fast; and 
5. the design of the markers allows placement on the subject despite of the 
presence of appliances such as orthoses. 
As discussed in the video stereography section, the errors arising from the 
video camera measurement may come from the photogrammetric error and skin 
movement artefacts (Cappozzo et al 1995a). The skin movement artefacts refer to an 
error which originates at the interface between the measurement instrument and the 
substrate which is the object of the measurement. Various types of external markers 
are available in the study of human kinematics. They are skin, plate, skeletal and 
virtual markers. Each type of markers has its advantages and disadvantages. 
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2.8.1 Skin markers 
The skin markers are attached directly onto the skin surface usually with 
double adhesive tape. The locations are often over palpable parts of the skeleton. 
Cappozzo et al (1995b) proposed the placement of the markers on the anatomical 
landmarks of a body segment so that an anatomical reference system can be easily set 
up. Although it has the advantage of easy application，the skin markers have a 
sufficient marker-bone relative displacement. Lafortune et al (1992b) used a x-ray 
method to study the skin marker displacement relative to underlying bone on two 
healthy subjects' knees. They found that the skin marker displacement produced 
substantial source of error in the study of lower extremity joint kinematics. Also, if the 
markers were closer to the joint line, the displacement was greater. Therefore, the 
authors advised not to use a single marker at the knee when kinematic studies were 
carried out for the lower limb. However, they observed a similar relationship between 
the skin marker displacement and the knee angles. Therefore: the authors proposed 
that the skin marker displacement could be modeled and accounted for in measuring 
kneejoint motion. 
Holden et al (1994) used video camera method to image the motion of skin-
and bone-mounted markers during barefoot walking for three subjects. They found 
that the peak translational displacements were not greater than 5 mm in the 
mediolateral and anteroposterior directions, but reached 10 mm in the segment 
longitudinal direction in one subject. 
2.8.2 Plate markers 
Plate markers are rigid arrays of three or more markers mounted onto a rigid 
plate (Giannini et al 1994). The plate markers are attached to the body segment 
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through an elastic band. Cappozzo et al (1995b) suggested three advantages of this 
method: 
1. mounting of markers is easier; 
2. sufficiently wide elastic bands help to reduce soft tissue movements; 
3. marker-light emission may be suitably oriented. 
Angeloni et al (1992) compared the relative displacement of skin- and plate-
mounted markers with respect to bones. They studied subjects with external fixation 
device. Markers were located on the skin surface while the plate markers were 
strapped to the femur and the tibia using elastic bands. Level walking at a natural 
cadence was analyzed. The skin markers were subjected to larger displacements than 
the plate markers. The authors suggested it may be more practical and accurate to use 
plate markers. The concept of using the plate markers is quite new and there is not 
much research done in this aspect. Therefore, one of the aims of this project was to 
investigate the accuracy of the plate markers in measuring the length change of the 
ACL. 
2.8.3 Skeletal markers 
Skeletal markers are markers directly attached to the bone of the studied body 
segment. Skeletal markers in the form of intra-cortical pins have been used in two 
studies by Levens et al (1948) and Lafortune et al (1992a). In Levens et al's study, 
stainless-steel threaded pins, 2.5 mm in diameter, were drilled into the cortices of 
various bones of lower limbs. Local anesthesia was used. Out of the 26 subjects, only 
12 completed the studies. The main reasons were excessive pin vibration, pain and 
loosening of the attached pins. Lafortune et al (1992a) employed a similar principle 
and inserted intra-cortical pins into 5 normal subjects to study knee kinematics in 
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walking. The markers consisted of four non-colinear 11 mm diameter spheres 
attaching to the intra-cortical pins by means of an aluminum fixture. The three spheres 
were mounted at the distal ends of the projecting limbs while the fourth sphere was 
fastened to the free end of the cortical pin (Fig. 2.18). 
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Fig. 2.18. Skeletal markers through an intra-cortical pin. (from Larfortune et al 
1992a) 
Acupuncture needles were also used to study the use of foot orthoses on the 
first metatarsophalangeal joint extension (Kilmartin et al 1991) Skeletal markers have 
the advantage of preventing the skin movement artefacts and can accurately describe 
the skeletal motion. But the method is invasive and cannot be widely applied 
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especially in prospective studies. Nowadays, investigators are developing minimal 
invasive skeletal tracking technique (Stanhope 1994). Holden et al (1994) compared 
the skin marker displacement by using modified halo pins. The pins were inserted into 
the periosteum of the medial and lateral malleoli. The feasibility of the minimal 
invasive skeletal tracking technique is still under trial and further researches are 
necessary. 
2.8.4 Virtual markers 
The concept of virtual markers is developed recently and is defined as a 
marker "which is in effect but not in fact" (Soutas-Little 1996). The idea of virtual 
markers originates from video imaging. When studying the athletic or gymnastic 
motions, some markers may be hidden from the camera views. In order to track the 
missing marker, a relationship between the possible missing marker and the visible 
markers is built first. Then through mathematical calculation, the coordinates of the 
missing markers can be determined again. Similarly, the concept of virtual markers 
can be extended to locate anatomical landmarks which otherwise cannot be imaged by 
the video camera e.g. insertion sites of ACL. 
The same assumption for the analysis of human movement is made when 
applying the concept of virtual markers (Soutas-Little 1996). In studying human 
movement, assumption is based on the body segments that they behave as rigid 
bodies. Thejoint movements are evaluated as the motion of one rigid segment relative 
to another segment. If the assumption is valid, then any two points on the rigid body 
can be considered constant and represented by a vector of constant length. The 3-D 
coordinates of the virtual markers can be determined once the local reference frame 
formed by three non-colinear markers are imaged (Fig. 2.19). 
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Fig. 2.19. The insertion sites of the ACL can be traced by the concept of virtual 
markers. The location of ACL can be determined after a vector is established between 
the external and internal markers. 
Andracchi et al (1994) studied the relative tibiofemoral movement during step 
test by locating a mid-point (P), a virtual marker, between the lateral and medial 
epicondyles on the femur. The antero-posterior movement of this point was quite 
reproducible among the normal population. The point was observed to start in an 
anterior position during the initial portion of swing phase; then moved posteriorly 
during support phase (Fig. 2.20). 
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Fig. 2.20. The average antero-posterior motion of a fixed point P，virtual marker, with 
respect to the tibia during which the step test was analyzed with respect to knee 
flexion, (from Andriacchi et al 1994) 
As a conclusion, the types and designs of the markers play a very important 
role in the kinematic study using the video stereography. Plate and minimal invasive 
markers have the potential to minimize the error arising from the skin movement 
artefacts. The concept of virtual markers can greatly enhance the versatility of the 
video stereography but further researches are necessary to ascertain the feasibility in 
the clinical use. 
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2.9 ARTHROSCOPY 
Endoscopic techniques were originally developed to look into the bladder and 
body cavities. Bozzini was regarded as the person to begin the modern endoscopy 
when he designed his light conductor in 1806 (Scuderi & Alexiades 1990). Later, the 
technique was progressed to the knee and other synovial joints. Nowadays, as the 
skills in arthroscopy and the interest in reconstruction of the cruciate ligaments have 
increased, the arthroscopic reconstruction of the cruciate ligaments becomes 
increasingly common (Karzel & Friedman 1990). The arthroscopy technique has many 
advantages over the arthrotomy in various aspects. Karzel and Friedman (1990) 
pointed out that arthroscopy results in smaller incisions; reduces the chance of 
patellofemoral tracking abnormalities; and may diminish the loss of proprioceptive 
feedback. 
This project required a minimal disturbance to the skin of the specimen due to 
the attachment of the external markers. Therefore, arthroscopic technique was 
employed for implantation of the tantalum beads (internal markers) and sectioning of 
the ACL. There are various portals for the assessment of the knee joint and the 
following two diagrams show the sites of the incision (Fig. 2.21) (Fig. 2.22). 
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Fig. 2.21. Anterior view of the knee, showing various portals used in knee 
arthroscopy, (from Wilson & Fowler 1990) 
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Fig. 2.22. Transverse section of the knee, showing various arthroscopy portals, (from 
Wilson&Fowler 1990) 
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2.10 RATIONALE AND SCOPE OF THE PROJECT 
Video stereography 
Since the passive laxity test may not reflect the functional performance of the 
ACL-deficient and ACL-reconstructed patients, the episode of instability can only be 
derived from the subjective report of these patients (Maffulli, 1995, personal 
communication). It will be beneficial to the clinicians if an objective assessment of the 
functional and dynamic stability of the ACL patients can be provided. Also, there is a 
need for the measurement of the 3-D behavior of the ACL during the various 
rehabilitation activities. Video stereography system was chosen to tackle this task 
because of its previous use in both kinematic and strain measurement. However, 
whether the accuracy of the video camera system is adequate enough to predict the 
length change of the ACL is unknown. Therefore, the main focus of this study was to 
test the accuracy of a video camera system, PEAK motion analysis system, and 
predict the length change of the ACL. 
Choice of external markers 
Two types of external markers, skeletal and plate markers, were employed in 
the video camera imaging. The skeletal marker can represent the rigid body movement 
of the bone. It can avoid the skin movement artefacts but is invasive. Plate marker can 
minimize the skin movement artefacts but whether it is feasible to predict the length 
change of ACL is unknown. Therefore, a comparison of these two types of external 
markers would be made. 
Means of comparison 
RSA system was an accurate measurement method. It was employed to 
compare the ACL length change being measured by the video stereography. RSA 
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system was chosen in this project instead of the strain gauge due to following reasons. 
Firstly, the whole length of the ACL is taken as a functional unit for the measurement 
study because it can provide a better picture of the newly reconstructed graft. 
Kurosaka et al (1987) studied ten human cadavers and found tliat all of the failures of 
the reconstructed ACL grafts occurred at the fixation site. It showed that the fixation 
site is the weakest point and is vulnerable during the early phase of rehabilitation. So, 
the whole length measurement can provide more information on the graft fixation site. 
Also, the strain is not uniform along the subunit of the graft. Butler et al (1990) found 
that both ACL and patellar tendon showed more compliant near the bone insertions. 
The measurement of the mid-substance can only show the behavior of that portion of 
the ligament but not the whole graft. Therefore, in this project, the tantalum beads 
were implanted near the insertions of the ligament to cover the whole length of the 
ACL. RSA was then used to build up the relationship between the external and 
internal markers. 
Secondly, the ACL is composed of nonparallel, interlacing networks of 
collagen fibers (Arnoczky & Warren 1988) and the subunit is not homogeneous 
(Butler et al 1990). Hence, the strains are different in different portions. The strain 
measured from mid-substance e.g. the AM bundle by strain gauge, may not 
necessarily correlate with the whole length by the video method. In fact, the two 
methods may measure different things. Thirdly, the ACL was sectioned partially and 
fully to simulate the clinical picture of partial and full rupture. The strain gauge cannot 
be used as a means of comparison as there will be no more ligament there. Finally, the 
RSA system was used as the AM bundles and PL bundles can be studied 
simultaneously. Strain gauge study can allow one portion per gauge. 
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Measurement parameter 
Length change of the ACL was used as the measurement parameter in this 
project. The length change of ACL was defined as change in distance between the 
tibial and femoral internal markers. Since the internal markers were implanted into the 
two ends ofboth the AM and PL bundles, the change in distance between the markers 
would represent the change of length of the ACL bundle. The length change was 
chosen as the measurement parameter instead of strain because one of the possible 
clinical applications of the video method is the study of the instability of the ACL-
deficient patients. Only the length change data of ACL can be obtained as there is an 
absence of the ligament. 
Experimental conditions 
The cadaveric knees were mounted into a Lachman test position (20° of knee 
flexion) for this project (Daniel & Stone 1988). This position was chosen because 
studies showed that the Lachman test produces greater elongat ion of the AM bundles 
than that of the anterior drawer test (90° of knee flexion) (Henning et al 1985, Howe 
et al 1990, Beynnon et al 1992). Therefore, Lachman test position is a preferred 
position in clinical situation (Daniel et al 1985, Beynnon et al 1992). 
Different amount of forces are applied to the tibia to produce anterior tibial 
translation by the KT-2000 to evaluate the condition of the knee. They are 67, 89, 
134 and 178 N (Myrer et al 1996). Beynnon et al (1995) used 150 N to measure the 
strain of the ACL by the HEST system in in vivo. A 100 N force was chosen in this 
project because it is of reasonable magnitude comparing to the clinical use. Also, this 
project is cadaveric in nature, and the result can be compared to other similar studies 
using 100 N force (Hollis et al 1991, Takai et al 1991, Tang 1993). 
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The ACL would be studied in intact, partially and fully sectioned conditions. 
These resembled the partially torn (Henning et al 1985) and ACL-deficient conditions 
(Lysholm & Messner 1995). Internal markers, tantalum beads, were inserted into the 
end of ACL through arthroscopic technique in order to minimize the disturbance to 
the skin. 
Scope of the study 
The main focus of this project was to study the accuracy of the video 
stereography in predicting the length change of ACL. Cadaveric knees were used in 
this stage (Fig. 2.23, Stage 1). Lachman test position and 100 N force with the ACL 
in intact, partially and fully sectioned conditions were employed. Measurement tools 
included biplane x-ray and video stereography systems. Two types of external markers 
were used. The feasibility of the plate markers was studied. We hope to provide non-
invasive external markers in the clinical use. Internal markers were implanted into the 
ends of the ACL. If the methodology is feasible in the cadaveric stage, investigation 
may progress to in vivo condition (Fig. 2.23, Stage 2). Rehabilitation exercises and 
functional activities will be studied with the same measurement tools. However, the 
internal markers may not be necessary in the in vivo study (refer to section 7.5, the 
suggested clinical applications). 
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Fig. 2.23. Different stages of studying the length change of ACL. 
Rationale 
The 3-D coordinates of the internal and external markers were imaged by RSA 
(Fig. 2.24). The transformation formula between the interna] and external markers 
was determined in the 0 N force condition. This transformation formula together with 
the external markers position as captured by video stereography in the 100 N 
condition were then used to predict the position of the ACL insertion sites, i.e. the 
virtual markers. Hence, the length changes of the ACL could be calculated. The 
length changes of the ACL measured by RSA and video stereography were then 
compared. 
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3.1 ROENTGEN STEREOPHOTOGRAMMETRJC ANALYSIS (RSA) 
The RSA system has two functions in this project. Firstly, it was used to build 
up a transformation formula between the internal and external markers. Through this 
mathematical relationship, the length changes of ACL were calculated from the video 
stereography. Secondly, the length changes obtained from the RSA system were used 
to compare the data as predicted from the video stereography. 
The RSA system consisted of a biplane x-ray system, internal markers 
(tantalum beads with 0.8 mm in diameter) and its implant instrument, a plexi-glass 
calibration box, an x-ray film digitizer with a 486 computer, and computer programs. 
3.1.1 Biplane x-ray apparatus 
The x-ray tube (Shimadzu, Japan) was a ceiling mounted type. It allowed both 
vertical and horizontal projection. Thus, the two x-ray sources, with central x-ray 
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Fig. 3.1. X-ray tube, (from Tang 1993) 
3.1.2 Internal markers and implant instrument 
The internal markers were tantalum beads of 0.8 mm in diameter. They could 
be clearly defmed in the x-ray film. An implant instrument RS -I 08 (Promentus, Tilly 
Medical Products AB, Sweden) was used to insert the beads into the ACL substance. 
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The implant instrument consisted of an instrument body and injection needle (Fig. 
3.2). There were two lengths of the injection needles, 45 mm and 105 mm. The short 
one was used for the insertion of tantalum beads to the tibial end of ACL while the 
long one was used for the femoral insertion site under arthroscopic view. The bead 
was put inside the tunnel of the injection needle. When the trigger knob was pressed, 
the bead was pushed into the target site by insertion pin situated inside the insertion 
needle. 
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Fig. 3.2. Implant instrument and its accessories. 
3.1.3 Plexi-glass calibration box 
A plexi-glass calibration box was used as a reference frame for the 
mathematical calculation of the 3-D coordinates of internal and external markers. The 
use of plexi-glass was due to its transparency to x-ray. On each side of the plexi-glass 
box, there were square arrays of radiopaque markers with known distance to one 
another. These radiopaque markers facilitated calibration and mathematical 
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calculation of both the internal and external markers. Mounting jigs and force 
application systems were incorporated into the plexi-glass box (Fig. 3.3). 
pulley system 
i i i l v I 
, 1 . i.j ^ \ bracket to fix Ii 
100N bracketisghded \ thefemur 
^ , in this direction \ 
• g h t only \ 
r ^ I ~ V \ ^ 7 » -
J ^^^ 
^ , W ： ^ bracket to fix the | 
fixation plate \ ^ � t i b i a | 
I ^^..IV KSa _^  
,.,. , , ” � t r a c k s for motion of 
shding bracket to allow sliding bracket 
anterior motion 
Fig. 3.3. Plexi-glass box with mounting jigs and force application system, (not drawn 
to scale) 
3.1.4 Transparent digitizer and computer 
A transparent digitizer (KC3300, Graphtec corporation, Tokyo) was used to 
digitize the marker images from the x-ray film. The transparent digitizer was placed 
on top of a x-ray viewing box so that adequate light could pass; through the x-ray film 
during the digitization process (Fig. 3.4). The coordinates of the markers were 
captured and stored into a 486 IPM-compatible computer through a computer 
program called DIGIT.EXE. 
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Fig. 3.4. Transparent digitizer and computer. 
An accuracy test of the transparent digitizer was carried out. A rectangle 
measured by a vernier caliper (Mitutoyo, RS Components Limited, Japan), accuracy 
up to 0.02 mm, was digitized using the transparent digitizer. The dimensions of length 
and width as measured by the two methods were compared. The result showed that 
the percentage error for y-axis and x-axis were 0.14 % and 0.02 % respectively (Table 
3.1). Therefore, the transparent digitizer was up to the requirement of this project. 
Table 3.1. Accuracy test of the transparent digitizer. 
width (y-axis) / mm length (x-axis) / mm 
transparent digitizer (Mi) 126.225 U4^3^ 
caliper (Mo) 1 ^ H T 5 i 
percentage error 0.14 % 0.02 % 
Percentage error = ^^ “ ^ ' x 100 % 
Mo 
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3.1.5 Accuracy of the RSA 
An accuracy test of the whole set-up of the RSA system was carried out. The 
tantalum beads, 0.8 mm in diameter, were separated at a known distance measured by 
the vernier caliper. The tantalum beads were captured by the biplane x-ray system 
within the plexi-glass calibration box. The images of the markers from the x-ray film 
were digitized and the distance was calculated. Comparison with the caliper readings 
was made. The percentage error was 0.12 % (Table 3.2). Therefore, the RSA system 
was up to the requirement of this project. 
Table 3.2. Accuracy test of the RSA system. 
separation / mm 
RSA system (Mi) 29.534 
caliper (Mo) 29.50 
percentage error 0.12 % 
Percentage error = —~-―— x 100 % 
Mo 
3.2 MOUNTn^G JIGS AND FORCE APPLICATION SYSTEM 
The mounting jigs and the force application system were incorporated inside 
the plexi-glass box (Fig 3.5). Each side of the specimen was fixed by a bracket 
through four steel screws. The femoral side was fixed securely to the supporting 
board of the plexi-glass box by steel rods. The tibial bracket was attached to a sliding 
plate. The tibial set-up was allowed to slide along a fixation plate in an anterior 
drawer direction. The anterior movement of the tibial segment was controlled by two 
knobs fixed on the tibial sliding plate which glided along the corresponding tracks on 
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Fig. 3.5. Mounting jigs and force application system. 
Application of 100 N force was through a pulley system by using dead weight. 
The pulley system set-up could be adjusted so that the direction of force was 
perpendicular to the longitudinal axis of the tibia and in the sagittal plane of the 
specimen. The anterior force was pulling the tibial tuberosity through a Steinmann pin (Fig. 3.6). The extent of the anterior movement was monitored by a pointer on the sliding plate and a ruler sticking ont  the fixation plate. 
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Fig. 3.6. Anterior drawer force pulling the tibia through a Steinmann pin. 
3.3 VIDEO STEREOGRAPHY 
3.3.1 PEAK motion measurement system 
The PEAK motion measurement system (PEAK Performance Technologies, 
Colorado, USA) was used to image the 3-D coordinates of the skeletal and plate 
markers attaching to the specimen. The system possesses 50 Hz sampling frequency. The components of the PEAK motion mea urement system is shown in the followingblock diagr m (Fig. 3.7). 
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Fig. 3.7. Component of the PEAK motion measurement system, (from PEAK 5, 
User's reference manual, 1992). 
Two S-VHS video cameras (WV-KT115E, Panasonic, Japan) were used in 
this experiment. Each video camera was mounted onto a lamp stand (Fig. 3.8). These 
cameras were genlocked together by a master genlock unit (WV-RC35N, National, 
Japan). Two SMPTE time code generators were used to encode identical time code 
onto the audio tracks of each video cassette recorder (VCR]: AG7330, Panasonic, 
Japan; VCR2: HR-S5800EK, JVC, Japan) (Fig. 3.9). The video images were stored 
on videotape and were digitized using PEAK 5 software (PEAK Performance 
Technologies, Colorado, USA) and a 486 IBM-compatible computer. 
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Fig. 3.9. PEAK motion measurement system. 
3.3.2 External markers 
The external markers should be captured by both video cameras and biplane x-
ray system. The spheres of the markers were made of steel and were radiopaque. The 
diameter of the spheres was chosen to be 6 mm after the 3-D accuracy test of the 
PEAK system (refer to section 6.1). The surface of the sphere was coated with 
fluorescence painting and was easily imaged by the video cameras. 
Two types of external markers were made. For plate markers, four spheres 
were attached to a plexi-glass plate in a square array of 3 cm separation. The plexi-79 
glass plate was painted black in order to increase the contrast from the spheres. The 
marker plate was attached to cadaver through an elastic band and Velcro tapes (Fig. 
3.10). For skeletal markers, three spheres were attached to a square base through 
plexi-glass rods of 3 mm in diameter and 3.8 cm in length. The spheres on the rods 
were approximately 6 cm apart. The square base of the skeletal marker was attached 
to the bone by a cortical pin. Fixation of the base of the skeletal markers to the 
cortical pin was secured by a small screw (Fig. 3.11). 
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Fig. 3.10. Plate markers with Velcro elastic band. 
80 
PpjpBP^ l^^ f?^P i^^ fyw^*gj|ffP*W—’P*>« ,^fPF?f |^'*^?W^f"W;^ ’j 'ii IJII|!. i _ f f m m | | ^ J 
N j ^ , ^ | I 
t w ^ > " ^ H rn^mm^- ‘ 
I ^ * ^ • ^ ^ ^ * B W P , 
t/ 
5 -• - . •‘‘ 
L . • .. ‘ • • . � 
妝.. . . • 、 x ' h. • ‘ . ••: 一 . .. . ‘ ‘ . ； ： 
饭.-- .'I , : : ‘ i fe • 一 ‘ 、• 
丨；• • • .... .=•: . ;A r: • • • L j i ‘: • . j 
:•、 ‘. 』 
l te . r ' •\' ^ -“-->对.、,点 ‘..:—. .— . » 
Fig. 3.11. Skeletal markers mounted onto a cortical pin. 
3.3.3 Calibration frame 
The PEAK motion measurement system requires calibration and the 
calibration frame must contain at least six non-planar points (PEAK 5, User's 
reference manual, 1992). A tailor-made calibration frame of dimension 30 cm x 30 cm 
X 30 cm was manufactured by the PEAK company for this project. The frame 
contained a total of 15 markers distributed on 5 rods and was used for the calibration 
process of the PEAK motion measurement system (Fig. 3.12). 
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Fig. 3.12. Calibration frame for the PEAK motion measurement system. 
3.4 ARTHROSCOPY mSTRUMENT 
Dyonics arthroscopy equipment (Smith + Nephew Endoscopy, Inc., USA) 
was used for the implantation of the tantalum markers. The accessories for the 
arthroscopy procedure included arthroscopic basic, arthroscopic scissors, and 
arthroscopic stud. A hand pressure pump was used to inject normal saline into the 
knee joint capsule. A fixation stand made of aluminum with a bracket was built for 
holding the cadaveric knee during the arthroscopic procedure (Fig. 3.13). The whole 
procedure of implantation of tantalum beads and sectioning of the ligament was 
recorded by a video cassette recorder. 
82 
n^^^^^^^^^^^^*mv ‘ ^^M g p i m ^ m 
W H k - . f a r i S l 
^ ^ ^ | ^ ^ M Q | a 









Investigation began with the testing of accuracy of the PEAK video motion 
measurement system. A test of the reliability of the experimental set-up followed. 
Since the tantalum beads were inserted into the substance of ACL as far as the 
insertion site, they could migrate after sectioning. A migration test was therefore 
conducted. The video stereography measurements were compared to the RSA system 
both in capturing the external markers position and for the calculation length change 
of ACL. Finally, the behavior of the ACL under loading and sectioning was 
investigated. 
4.1 EXPERIMENTAL SET-UP 
4.1.1 Specimens 
Four embalmed knee specimens (two right and two left) were collected. They 
have been treated with formalin. The demographic data could not be traced. No gross 
degeneration of thejoints was detected during arthroscopic examination. The skin and 
muscle for the femoral and tibial portions were retained (18 cm and 14 cm from the 
medial knee joint line respectively). Each portion had 6 cm bone-end for the 
anchorage brackets of the fixation jig. The specimens were stored in room 
temperature and were kept moist with gauze soaked with formalin. A Steinmann pin 
was drilled through tibial tuberosity for the application of a 100 N force. 
4.1.2 Implantation of tantalum beads into the ACL 
The tantalum beads were inserted into the ACL through an implant instrument 
RS-I 08 (Promentus, Tilly Medical Products AB, Sweden) under arthroscopic 
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technique. A specially designed fixation jig was secured onto a stable table with two 
C-clamps. The specimen was mounted into the bracket through four steel screws. 
Standard arthroscopic technique was carried out by a collaborative 
orthopaedic surgeon. Firstly, anteromedial and anterolateral incisions were made on 
the knee. The arthroscope was inserted into the knee joint through the anteromedial 
incision. Normal saline was pumped into the knee joint capsule by a hand pump 
through the anterolateral incision. After the kneejoint was distended, the femoral and 
tibial ACL attachment were identified. The AM and PL bundles were located by the 
position and orientation of fibers. The mid-point of the circumference of each bundle 
was located. The needle of the implant instrument was loaded with a tantalum bead. 
The needle was inserted into the ligament substance of the captioned location as far as 
the bone end. When the trigger of the implanted instrument was pressed, the insertion 
pin inside the needle would drive the tantalum bead into the ligament (Fig. 4.1). The 
process was repeated until a total of four tantalum beads were implanted. There was 
one at each end of the AM and PL fiber bundle. Arthroscopic technique was 
employed in this project because the skin of the specimen could be preserved. This 
would enhance the attachment of plate markers. The whole procedure of the 
implantation was video-taped and the sites of implantation of tantalum beads were as 
uniform as possible among the studied knee specimens. 
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Fig. 4.1. Implantation of tantalum beads into the ACL. 
4.1.3 Set-up of the video motion measurement system and x-ray 
The experiment was performed in a x-ray room. The plexi-glass box was 
positioned on a x-ray table so that both the x-ray and the video motion measurement 
system could image the specimen (Fig. 4.2). The set-up of the PEAK video motion 
measurement system followed the guidelines of the company manual (PEAK 5, User's 
reference manual, 1992). The cameras were positioned approximately at right angles 
to each another. They were placed 200 cm away from the plexi-glass box. The same 
distance as in the 3-D accuracy test of the video motion measurement system was 
ensured so that the depth of view and lens distortion were kept constant. The image 
size of the video for the specimen was as large as possible in proportion to the field of 
view with the zoom lens set to 2.5 units for camera 1 and 1.75 units for camera 2. The 
camera was mounted onto a light box which was supported on a stable frame. The 
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light shone onto the fluorescent painted external markers was then captured by the 
video cameras. This would improve the accuracy of the video capturing by increasing 
the contrast between the external markers and the background. The calibration frame 
was videotaped after the cameras were positioned. The frame was used during 
digitizing process to establish a scale factor for the computer. The two cameras were 
genlocked so that the video fields were synchronized. Also, a synchronization signal 
was input into the video cassette recorders so that the same fra,me of the picture from 
the two cameras could be digitized. The two video tapes were encoded during video 
capturing using EBU method. 
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Fig. 4.2. Set-up of the video motion measurement system and x-ray. 
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For the x-ray shooting, a relatively long focus-film distance, 110 cm for 
antero-posterior projection and 150 cm for lateral projection, were chosen to enhance 
the sharpness of the resulting radiographic images. The exposure factors were 68 kVp, 
6.4 mAs for the antero-posterior projection and 72 kVp, 8 mAs for lateral projection 
respectively. The factors varied slightly with different specimens. 
4.1.4 Mounting of cadaveric knees 
The femoral end of the specimen was fixed by a bracket through four steel 
screws. The bracket was mounted onto the mounting jig by steel rods and blocks. The 
femoral end was orientated so that the tibia in the starting position was in neutral 
rotation. The tibial end was also fixed to a bracket which was attached to a sliding 
plate. The sliding plate could move in an anterior drawing direction when a 100 N 
force was applied through the tibial tuberosity. The height of the femoral attachment 
was adjusted so the knee was set in 20® flexion and a goniometer (Zimmer 46580, 
USA) was used to check the flexion angle. The bracket of the tibial end touched the 
bottom of the fixation plate in 0 N condition so that no loading to the tibia came from 
the fixation apparatus. The experiment was conducted in room temperature. 
4.1.5 Mounting of external markers 
Two types of external markers were mounted onto the knee specimen (Fig. 
4.3). The skeletal markers were fixated to the lateral femoral condyle and lateral tibial 
condyle through cortical pins. Afterwards, elastic bands were wrapped round the 
thigh and calf region by Velcro straps. The plate markers were fixed to the surface of 
the elastic band by Velcro straps. The positions of all the external markers were 
adjusted so that they did not overlap in the video capturing and x-ray imaging. A 
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Steinmann pin was inserted through the tibial tuberosity for the application of anterior 
drawer force. 
|H|g 
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Fig. 4.3. Mounting of the skeletal and plate markers. 
4.1.6 Pre-conditioning 
Since the ACL exhibits viscoelastic properties, pre-conditioning to the 
embalmed knee was carried out in order to standardize the starting condition of each 
set-up. The knee was loaded ten times with 100 N and 2 seconds of loading time was 
used (Woo et al 1983). 
4.1.7 Application of force 
A 100 N force was applied anteriorly by a Steinmann pin through the tibial 
tuberosity. The force was transmitted through a pulley system by a nylon robe to a 
89 
mass of dead weight. The lever arm of the pulley system was adjustable so that the 
direction of the force applied was perpendicular to the shaft of tibia. The tibia was 
pulled anteriorly and mainly in a sagittal plane. The anterior tibial movement was 
ensured by two mechanisms. Firstly, the pulley system could be adjusted so that the 
force applied was mainly in a sagittal plane. Secondly, the tracks of the fixation plate 
were guiding the bracket to slide in the anterior direction (Fig. 4.4). The rotational 
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Fig. 4.4. Tracks of the fixation plate guide the tibial bracket to slide in the anterior 
direction. 
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4.1.8 X-ray and video camera capturing 
After mounting of the cadaveric knee in the fixation jigs and all the external 
markers to the specimen, the other half of the plexi-glass box was re-positioned. The 
x-ray shooting started with the antero-posterior direction. Then, the x-ray tube was 
moved to the horizontal position for lateral shooting. The two video cameras were 
capturing the specimen throughout the whole process. Two conditions of the knees 
were taken. They were 0 N and 100 N force conditions. The pointer over the sliding 
plate of the tibial bracket was checked against the ruler attached onto the fixation 
plate so that the same position was ensured before the shooting of the two systems. 
4.1.9 The conditions ofACL 
The experiment began with an intact ACL. After the measurements were taken 
for the unloading and loading situations, the specimen was taken out from the fixation 
jig. Arthroscopy was then performed and the ACL was partially sectioned by a 
collaborating orthopaedic surgeon at the AM bundle in its mid-position. The specimen 
was remounted and measurements by the x-ray and video cameras under loading were 
repeated again. Finally, the whole procedure was repeated wlien the ACL was fully 
sectioned. Arthroscopic scissors was used in the cutting maneuver. 
4.1.10 Digitization of x-ray images 
The x-ray films were digitized using the transparent digitizer (KC3300, 
Graphtec corporation, Tokyo). The eight markers on the surface of the plexi-glass 
box were digitized first and followed by the internal and external markers. The eight 
points were used to calibrate the x-ray reading and calculate the coordinates of the 
markers. A program DIGIT.EXE, written in Basic, was used to capture the 
coordinates from the digitizer. The 0.8 mm diameter tantalum beads in the x-ray film 
91 
were captured by a four-button cursor of the digitizer. The cursor possessed a cross 
tracer and a small circle in the center. The diameter of this circle was approximately 
1.2 mm and the tantalum bead could be encircled by the cursor. For the external 
markers, the center was determined by digitizing 5 points on the perimeter of the 
marker image. Through a coordinate geometric calculation procedure, the center was 
calculated (refer to section 5.1.3 for the detailed mathematical calculation). The 2-D 
coordinates from the antero-posterior and lateral view would be processed by a 
computer program BP41.EXE, written in Pascal programming language, to obtain the 
3-D coordinates (Appendix 2). The mathematical calculation ofthe coordinates of the 
markers by the RSA was discussed in section 5.1 • 1. 
4.1.11 Digitization of video images 
PEAK 5 video software was used to capture the video images. Fifteen points 
of the calibration frame were digitized first to calibrate the volume of the experiment. 
Then, the external markers were digitized using automatic tracking option. This 
would provide faster and more accurate acquisition (PEAK 5, User's reference 
manual, 1992). Two-second duration was used to image the positions of the external 
markers. Once the 2-D coordinates were obtained, 3-D reconstruction was 
performed by the software. The algorithm was based on the Direct Linear 
Transformation as published by Abdel-Aziz and Karara (1971). No smoothing was 
used in this experiment as all the measurements were static. After the 3-D coordinates 
were obtained, transformation was performed so that the same global reference frame 
could be set up with the biplane x-ray system. The data from the x-ray and video 
stereography would be used to predict the length change of the ACL. 
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4.2 TESTING OF INSTRUMENTATION 
4.2.1 Accuracy of the PEAK motion measurement system 
The accuracy of the PEAK motion measurement system were tested to verify 
the feasibility of imaging the change of external marker position. Errors from the 
motion measurement system, called photogrammetric error, may include inaccuracy, 
oscillation instability, non-repeatability, and non-linearity. These terms are explained 
as follows (Morris 1993). Accuracy is the extent to which a reading might be wrong. 
Oscillation stability is how stable the camera system captures the static position of the 
markers. Repeatability describes the closeness of output readings when the same input 
is applied repetitively over a short period of time, with the same measurement 
conditions, same instrument and observer, same location and same conditions of use 
maintained throughout. Linearity refers to the output which is proportional to input or 
the input-output relationship is linear. 
These errors will affect the accuracy of the experimental result. Therefore, a 
study on the 3-D static accuracy of the PEAK motion measurement system was 
carried. The ‘black box，principle of checking out the error was employed. A known 
length between two spheres was measured by the motion measurement system. Then, 
the output measurement would be compared with the input measurement. 
The volume of testing was 30 cm x 30 cm x 30 cm Since the size of the 
markers will affect the accuracy of the video system, external markers with 5 mm 
diameter were used for the initial testing. They were coated with fluorescent paint. 
Two sets were positioned at 9.06 mm and 20.19 mm separation. Marker size and their 
separations were measured by a traveling microscope (Zeron Scientific Supply 
Company, USA) with accuracy up to 0.01 mm. The two marker sets were located 
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randomly at 24 positions within the above volume. Two video cameras were placed 
perpendicularly to each other and at a distance of 200 cm away from the centre of 
testing volume. Each placement of the markers was captured for 2 seconds, giving 
100 data for each location. Maximum standard error, percentage of standard error, 
root mean square (RMS) and percentage error were used to calculate the accuracy 
and error of PEAK motion measurement system (Topping 1972) (refer to section 5.2 
for calculation method). The result (refer to section 6.1) showed that the percentage 
error of the 5 mm diameter markers was 4.6 % and 2.7 % for the two separations. 
Second accuracy test with 6 mm diameter of markers was performed. The separation 
of the markers was increased to 29.89 mm. This can avoid overlapping of the 
markers' images during video capturing which occasionally happened in the previous 
tests. The percentage error found (refer to section 6.1) was 1 %. Therefore, the 
external markers with 6 mm diameter were used in this experiment. 
4.2.2 Reliability of the experimental set-up and migration of tantalum beads 
Since the cadaveric knees had to be dismounted for the sectioning of the ACL, 
the reliability of the set-up was tested. If the reliability of the experimental set-up is 
low, the comparisons of different conditions of the ACL will become invalid. 
Cadaveric knee number 1 with intact ACL was used in this test. The knee was 
mounted into the plexi-glass box in three separate days. Ten times of pre-conditioning 
with 100 N was run in each occasion. Each loading lasted for 2 seconds. This would 
minimize the effect ofhysteresis on the ligament tested. The positions of the tantalum 
beads implanted were then captured by the biplane x-ray system in each occasion. The 
distances between the adjacent tantalum beams were determined and used for the 
reliability test. Ifthe experimental set-up was reliable, the distance between the beads 
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should be quite constant. The Intraclass Correlation Coefficient (ICC) was used for 
the reliability statistical analysis. The reliability coefficient was calculated using 
variance estimates obtained through an analysis of variance (Portney & Watkins 
1993). Different types of ICC are classified using two numbers in parentheses. The 
first number designates the model (1, 2, or 3)，and the second number signifies the 
form, using either a single measurement (1) or the mean of several measurements (k) 
as the unit of analysis (Portney & Watkins 1993). Model 3 uses a repeated measures 
analysis of variance which is suitable for testing the repeatability of this experimental 
set-up. Also, one single measurement by the biplane x-ray was employed. Therefore, 
the ICC(3,1) was used for the statistical analysis for the reliability test of the set-up. 
The calculation ofICC(3,l) was shown in section 5.3.1. 
Sectioning of ACL and mounting of specimens might cause a migration of 
tantalum beads which had been implanted into the substance of the ligament. The 
concern of migration of the tantalum beads was that it would affect the distance 
between tibial and femoral internal markers in the reference position of the specimens. 
This would then influence the result on the study of the behavior of the ACL if the 
reference length of the ligament in 0 N position was different. Therefore, a test of 
migration was conducted to see if the reference length of the ligament was repeatable 
in this project. The lengths of the AM and PL bundles (distance between the tibial and 
femoral internal markers) were used to make comparisons for the intact, partially, and 
fully sectioned conditions. The 0 N force position was x-rayed for the comparison. 
Same pre-conditioning procedure was performed to the specimens after mounting into 
the plexi-glass box. Since the partially sectioned ACL involved the AM bundle, 
investigations were performed for the AM and PL bundles separately. The 
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investigation of migration involved repeated measurements, and only a single 
measurement was carried out for each condition by the x-ray, hence ICC(3,1) was 
used for the statistical analysis. 
4.2.3 Comparison of the x, v, and z coordinates of external markers imaged by RSA 
and video stereography 
The accuracy of the PEAK motion measurement system in imaging the 3-D 
coordinates of external markers was investigated. The external markers mounted on 
the cadaveric knee were imaged by the video system. The x, y, and z coordinates of 
the external markers were then compared with that from the x-ray. Knee number 1 
was used for the investigation. Comparison of the x, y, and z coordinates of the 
external markers for both 0 N and 100 N conditions were performed by the Intraclass 
Correlation Coefficient, ICC(2,1) (Portney & Watkins 1993). Model 2 is used most 
often in interrater reliability studies. In this investigation, the RSA and video systems 
were considered as two raters and their agreement was determined by the calculation 
of the ICC(2,1). The form was 1 as a single measurement by each system was taken 
(refer to section 5.3.2 for the mathematical calculation). 
4.3 PREDICTION OF LENGTH CHANGE OF ACL 
The length change of the ACL was defined as change in distance between the 
tibial and femoral internal markers which were implanted into the tibial and femoral 
insertion of the ligament. The length changes of ACL, due to 100 N force and 
different experimental conditions, were measured from RSA and video stereography 
(refer to section 5.1 for the mathematical calculation). The length changes of ACL 
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calculated from skeletal and plate markers were compared with RSA separately. 
Correlation and linear regression methods were used to investigate the feasibility of 
using video stereography in predicting the length changes of ACL (refer to section 
5.3.3 for statistical analysis methods). 
4.4 BEHAVIOR OF ACL 
The ACL elongated when the knee was subjected to 100 N anterior drawer 
force. The length changes of ACL were studied under the intact, partially sectioned 
and fully sectioned conditions. One Way ANOVA statistical test was used to 
investigate the effect of sectioning on the length change of ACL. Moreover, the 
sectioning was performed on the AM bundle in the partially sectioned condition, the 
length changes over the AM and PL bundles were compared in the three conditions of 
the ACL. Paired t-test was used in the statistical analysis. Data from the RSA and 
video stereography were employed to make the comparisons. 
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CHAPTER 5 
DATA ANALYSIS AND STATISTICAL METHODS 
5.1 MATHEMATICAL CALCULATION 
5 • 1.1 RSA calculation 
The calculation of the RSA marker location is by biplane radiographic 
photogrammetry. The theoretical procedures are based on the method proposed by 
Brown et al (1976) and further elaborated by Mak (1979) and Tang (1993). 
The principle of their calculation method is based on the square array of the 
four metallic markers embedded in each of the four faces of the plexi-glass box. Then 
the 3-D coordinates of the source and x-ray film are located. The biplane x-ray films 
will produce two vectors for each internal and external markers. The interception of 
these two vectors will give the 3-D coordinates of the respectively markers (Fig. 5.1). 
A global reference frame is set up for the RSA and video stereography measurement. 
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Fig. 5.1. Marker points in biplane projections. 
5.1.1.1 Location of films and x-rav sources 
In order to locate the marker coordinates, it is necessary to locate the 
positions of the x-ray sources (Sx, Sy, Sz) and x-ray films (Fx, Fy, Fz) with respect to 
the global reference frame. The following two parameters are required: (1) the lengths 
ofmarker arrays on the plexi-glass box; and (2) the locations of the marker images in 
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the result radiographs. The details of mathematical derivations of the locations of the 
x-ray sources and films are given in Appendix 1. 
5.1.1.2 Location of the internal and external markers 
The internal and external markers form images in the two projections of the x-
ray films. The 3-D coordinates of the marker can be found by solving the interception 
of the two vectors that are formed by the antero-posterior and lateral x-ray sources in 
their respective projections onto the x-ray films by the concerned markers. 
If the marker point P on the cadaveric knee shows up on the film as QA and 
Qfi on projection A and projection B respectively (Fig. 5.2). then the positions of 
points QA and Qe can be expressed in terms of projection vectors ^ , Rs and 
locations of source SA, Se in terms of global coordinate system : 
PjK = QA - SA ； 
^ = QB - SB 
The point P on the projections vectors ^ , ^ are represented by 
PA(a) = SA + a ^ (1) 
PB(P)= SB + P ^ (2) 
where a and P represent a fraction of the respective vectors and 
0 < a , p < l . 
Errors exist in the location of the images of point P on the two films. That 
means the computed projections ^ and ^ do not intersect to yield an estimation of 
P. However, this non-intersection can help us to estimate the P 
Let PAPB (a,P) 二 PA (a) - ?B (p), which represents the family of line segments 
between any point along ^ and other points ^ . By demanding that the point P has 
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to lie on the shortest line segment between RA and R^, which by necessity has to be 
perpendicular to both RA and RjB. We can obtain two scalar equations: 
^ • PAPB (a,P) = 0 (3) 
RB- PAPB(a,p) = 0 (4) 
After solving equations (3) and (4), the values of a and P can be substituted 
back into equations (1) and (2). The point P is taken as the mid-point of that PAPB 
and length of that line segment PAPe gives an estimate of uncertainty. 
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Fig. 5.2. Uncertainty measure ofligament marker point in biplane projections. 
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5.1.2 Determination of the length change of ACL using RSA and video stereography 
The following steps were used to determine the length change of ACL under 
different experimental conditions using the RSA and video stereography. 
5.1.2.1 Determination of the length change of ACL using RSA 
1. Determine the 3-D coordinates of the tantalum beads using x-ray with 
reference to the global reference frame. 
2. Calculate the length ofACL (AM bundle and PL bundle) at 0 N and 100 N. 
3. Calculate the length change. 
5.1.2.2 Prediction of the length change of ACL using video stereography: 
1. Determine the 3-D coordinates of the external markers (skeletal markers and 
plate markers), and internal markers using biplane x-ray at 0 N condition. 
2. Calculate the local reference frame of the skeletal marker and plate marker 
positions with respect to the global reference frame. 
3. Determine the location of the tantalum beads in reference to the local 
reference frame. 
4. Assume that the relationship of the tantalum beads aiid the calculated local 
reference frame is fixed. 
5. Image the external markers by video cameras at 0 N and 100 N conditions. 
6. Determine the length of the ACL for the 0 N condition from the video camera 
system using the calculated relationship in step 4, and imaged data from video 
camera system at 0 N condition. 
7. Repeat the above step of ACL length at 100 N using video image data at 
100N condition. 
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8. Calculate the length change of ACL as determined by skeletal and plate 
marker systems from the video stereography. 
9. Compare the length change between the RSA system and video stereography. 
The mathematical calculation from 5.1.2.2 is as follows: 
The 3-D coordinates of the tantalum bead markers inserted into the femoral 
origin and tibial insertion of ACL can be determined by employing basic principles of 
vector algebra (Ozkaya & Nordin 1991) and matrix operations (Stroud 1987, Kwong 
1988). 
XpB 
Let YPB be the 3-D coordinates of the tantalum bead that is attached to 
ZpB 
L. _lG 
the insertion of femur with reference to the global reference frame. 
XpN 
Let YpN be the 3-D coordinate of the origin of the local reference frame of 
ZpN L Jci 
the external markers in the femur with reference to the global reference frame. 
XFB 
Let YpB be the 3-D coordinates of tantalum beads with reference to the 
ZpB 
L � L F 
local reference frame in the femur. 
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The 3-D coordinate of the tantalum bead of femur can be determined in the 
following equations (Fig. 5.3). 
XFB 
Let YPB = E + F 
ZpB L Jo 
where E is the position vector from the origin of the global reference 
frame to the origin of the local reference frame and 
where F is the position vector from the origin of local reference frame 
to the location of the tantalum bead. 
XpN XpB 
= Y F N + [Lp] YFB (1) 
ZpN ZpB L Jci L _lLF 
where [Lp] is the transformation matrix of the femoral local reference 
frame in relation to the global reference frame. 
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Ya t n = local reference frame 
Ocr = global reference frame 
B = position of tantalum bead 
Yn 
• 
^ ^ ^ ^ ^ B 
^ _ _ _ _ . 
Oo Xo 
Fig. 5.3. The relationship between the global coordinate frame and the local coordinate 
frame. 
Similarly, the 3-D coordinates of the tantalum beads inserted into the ACL at 
the tibia can be determined using the same formula with the corresponding notations. 
Therefore, 
• ^ ^ | — mmmm | ^ B ^ 
XxB XxN X r e 
Y™ = YxN + [Li] YTB (2) 
ZXB ZxN ZxB 
� G t— � G — � L T 
where [Ly] is the transformation matrix of the tibial local reference 
frame to the global reference frame. 
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The determination of the local reference system is as follows (Fig. 5.4): 
Let f i , n , and fs be the position vectors of the external markers. 
Let vi, V2 be the vectors formed by the 3 position vectors. 
Let ni, n2, and ns be the unit vectors forming the local reference system. 
VI = fi - f i 
V2 = f3 — f\ 
A mutually orthogonal set of unit vectors ni, n2 and n ? can be derived from 




_ Vl X V2 
n2 = — 
Vl X V2 
and n3 = ni x n2 
an a i 2 ai3 
[ L p ] — a21 a22 a 2 3 
a 3 1 a 3 2 a 3 3 
where aij is the cosine of the true angle between the reference axes (i) in the 
global reference frame and the axes (j) in local reference frame. The subscripts 
i andj are 1, 2, and 3 to represent the x-, y-, and z-axes respectively. 
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The elements (ay) of the direction cosine matrix of the unit vectors are ; 
For the ni vector, 
ail = ni (i) 
for the m vector, 
ai2 = ri2 (i) 
for the ns vector, 
ai3 = ns (i) 
XpB 





In the equation (1) below, the YpB and YpN can be determined by x-ray 
ZpB ZpN 
_ �G L- �G 
at 0 N condition. 
XpB XpN XpB 
YFB = YPN + [Lp] YFB 
ZpB ZpN ZpB 
一 �G L- �G L- L^F 
i _ _ ~i r~~ 一 
XpB XpB - XpN 
二 YFB = [LF]-1 YFB - YPN 
ZpB ZpB - ZpN 
_ JbF L _lG 
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XpB 
an a21 a31 
Therefore, the Yre can be determined where [Lp]'^  二 ai2 a22 a32 and 
ai3 a23 a33 
ZPB 
L- � L F 
XpB - XpN 
YpB - YpN from biplane x-ray. 
ZpB - ZpN 
L_ J o 
Assuming that the relationship of the tantalum beads and the calculated local 
reference frame is fixed, the length of the ACL at 100 N can be calculated as follows: 
XpB 
For the 100 N condition, the new coordinates of YpB can be found by using the 
ZPB L Jci 
XpB XpN XpB 
same equation (1): YpB = YpN + [Lp] YpB 
ZpB ZpN ZpB 
一 . J o L— *JG* L— -jLF 
XpN 




100N condition . Yra is assumed to be the same in the 0 N condition. 
ZpB 
L � L F 
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X l B 
Similarly, the coordinates of tibial internal markers YiB can be determined from 
ZxB L_ Jci 
equation (2). 
The length of the ACL is determined with the vector calculation: 
Let L and |L| be the vector and dimension of the ACL respectively, then 
XxB XpB X l B — XpB 
L = YiB - YpB = YiB - YiB 
ZxB ZpB Z l B - ZTB 
L Jci L J o L_ _lG 
and 
| L | = y [pCrB _ XPB)2 + (YTB - YFB)2 + (ZxB _ Z p s ) ' 
As defmed before, Lo and L are the length of the ACL before and after loading 
respectively, then the length change of the ACL will be equal to L - Lo. 
Both the length changes obtained from the skeletal and plate markers of the video 
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Fig. 5.4. The calculation of the local reference frame from the external markers. 
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5.1.3 Calculation of center of the external markers 
The large image of the external markers from the x-ray film will impose 
considerate amount of error when locating the center by digitization method. The 
following procedure was carried out to minimize the error produced. When the 
coordinates of any three points on the circumference of a circle are known, the center 
can be determined (Tranter 1983). In Fig. 5.5, (xi,yi), (x2,y2), and (x3,y3) are the 
coordinated of any 3 points in a rectangular Cartesian coordinate system. 
Let the point 0 (-g, -f) be the center of the circle which passes through the 
points and c be a constant, 3 mathematical equations are set up: 
xi' + yi' + 2gxi + 2fyi + c = 0 , 
X2^  + 2^ + 2gX2 + 2fy2 + C = 0 , 
X3^  + y32 + 2gX3 + 2fy3 + C = 0 , 
The points (xi,yi), (x2,y2), and (x3,y3) are digitized from external marker images from 
the x-ray films. Substituting the three points into the above equations will solve the 
values f, g and c, and hence the location of the center 0 (-g, -f) and the radius, 
l^ (g2 + f^  -c), are determined. 
(X2,Y2) 
^ ^-^^ (X3,Y3) 
(• ^^^^^^^^^ 
0 (-g, -f) v V 
Fig. 5.5. Determination ofthe coordinates of center of the external markers. 
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In order to further minimize the error produced from the above procedure, five 
points from the circumference were taken instead of three. Altogether ten 
combinations were obtained for each coordinate and the average was used to 
determine the center of the circle. The mathematical solution of these equations was 
implemented (McGregor & Watt 1985) in a computer program, FMDCG.EXE, 
developed in Turbo Pascal version 5.5 (refer to Appendix 3). 
An accuracy test was carried out for the “five points" method. A circle with 
diameter 127.2 mm, measured by a vernier caliper (Mitutoyo, RS Components 
Limited, Japan) with accuracy up to 0.02 mm, was drawn on a graph paper. The center 
of the circle was digitized. Afterwards, five points were arbitrarily chosen on the 
circumference of the circle. The x and y coordinates were put into the FINDCG EXE 
Pascal program and average was taken for each coordinate. The coordinates of the 
center of the circle as determined by these two methods were compared. The result 
showed that the percentage errors for y-coordinate and x-coordinate were 0.24 % and 
0.13 % respectively. Therefore, the method was up to the requirement of the 
experiment and was used in the digitization of the external markers of the x-ray films. 
Table 5.1. Accuracy test of the "5 points" method. 
y-coordinate x-coordinate 
Five-point measurement 108.584 137.775:3 mm 
method (Mi) 
direct digitization (Mo) 108.842 137.954 
percentage error 0.24 % 0.13o/o 
Percentage error 二 ^^ ^ � ~ � x 100 % 
1 1 2 
5.2 ACCURACY OF THE PEAK MOTION MEASUREMENT SYSTEM 
Maximum standard error, percentage of standard error and the root mean 
square (RMS) were used to calculate the 3-D static accuracy of the PEAK motion 
measurement system (Topping 1972). The 4 parameters were calculated as follows: 
1. Maximum standard error among the 24 locations: 
Tt_ , 1 j /�T^� Standard deviation of the sample The standard error (SE) = 二 — 
^sample size 
The maximum SE was chosen among the 24 locations. 
2. Percentage of standard error: 
n 冬 r ^ 1 1 Maximum SE ,__ . . Percentage oi standard error = — x 100 % 
where Dtm is the markers distance as measured by the traveling microscope. 
3. Root mean square (RMS) was calculated as follows (Table 5.2): 
Table 5.2. The calculation ofthe RMS. 
Markers distance (Dtm) Mean markers distance (MpEAKi) as Difference: 
as measured by the measured by PEAK motion Dtm - MpEA& 
traveling microscope measurement system: 
—di i + di2+...+diioo 
N W , = ^ " ^ ^ ^ 
where i denoted the position of the 
markers from 1 to 24, and 
dij was the distance measured within 
each location of markers and j was 




2 (Dun - MPEAKi) 
RMS = V ^ 
\ 24 
4. Percentage error = ^ M ^ x 100% 
Dtm 
5.3 STATISTICAL METHODS 
5.3.1 Reliability of the experimental set-up and migration of tantalum beads 
Intraclass Correlation Coefficient, ICC(3,1), was used for the statistical 
analysis. Model 3 used a repeated measures analysis of variance design which was 
suitable for both investigations. The ICC(3,1) was calculated using: 
二 BMS - EMS 
BMS + (k-l)EMS 
where BMS is the between mean square, 
EMS is the error mean square and 
k is the number of measurement. 
Statistical software, SPSS ver 6.1 for windows was used to perform the 
statistical analysis. Tukey's test of additivity from the reliability analysis of the SPSS 
program was used to determine the BMS and EMS. 
5.3.2 Comparison of the x, v, and z coordinates of external markers imaged by RSA 
and video stereography 
The accuracy of the PEAK motion measurement system in imaging the 3-D 
coordinates of external markers was investigated. Comparison of the x, y, and z co-
ordinates of the external markers as imaged by both systems were performed. 
Intraclass Correlation Coefficient ICC(2,1) (Portney & Watkins 1993) was used for 
the statistical analysis. 
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ICC(2,1) was calculated as follows: 
ICC(2,1) = BMS - EMS 
BMS . (k-l)EMS . k(RMS-EMS) 
n 
where BMS is the between mean square, 
EMS is the error mean square, 
RMS is between-raters mean square, 
k is the number of measurement, and 
n is the number of conditions tested. 
5.3.3 Prediction of length change of ACL 
The length changes of ACL measurement from RSA and video stereography 
(skeletal and plate markers) were calculated. Pearson product-moment coefficient of 
correlation was used for comparison with a = 0.05. Linear regression models were set 
up with a = 0.05 to predict the length change of ACL as measured by the PEAK 
motion measurement system from the skeletal and plate markers. 
5.3.4Behavior ofACL 
The length changes of the ACL were measured by the RSA and video 
stereography system. The data were compared among the intact, partially and fully 
sectioned conditions. One Way ANOVA statistical test was used to investigate the 
effect of sectioning on the length change of ACL. The a was set to 0.05. Also, the 
length changes of AM and PL bundles were compared in the 3 different conditions. 




6.1 ACCURACY OF THE PEAK MOTION MEASUREMENT SYSTEM 
The 3-D static accuracy test of the PEAK motion measurement system was 
performed. The four parameters of testing the accuracy of the video system were 
calculated. They were the maximum standard error (SE), percentage of standard error 
(SE), root mean square (RMS) and percentage error. The results for the 5 mm and 6 
mm diameter markers were shown in Table 6.1 and Table 6.2 respectively (refer to 
Appendix 4-1: Table A-4.1, Table A-4.2 and Table A-4.3 for raw data). 
Table 6.1. Result of accuracy test using 5 mm diameter external markers. 
Distance between 9.06 mm 20.19 mm 
the two markers 
Maximum SE 0.08593 mm 0.04646 mm 
Percentage ofSE 0.95 % 0.23 % 
RMS 0.42 mm 0.55 mm 
Percentage error~~ 4.64 % 2.72 % 
Table 6.2. Result of the accuracy test using 6 mm diameter external markers. 
Distance between 29.89 mm 
the two markers 
Maximum SE 0.03851 mm 
Percentage ofSE 0.13 % 
RMS 0.30 mm 
Percentage error 1.00 % 
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The maximum SE calculated for the 5 mm were 0.08593 mm and 0.04646 mm 
with separation of markers of 9.06 mm and 20.19 mm respectively. The maximum SE 
for 6 mm diameter markers was 0.03851. The percentage of SE for both markers 
were lesser than 1 %. The RMS for the 5 mm diameter marker were 0.42 and 0.55 
mm separately with the above two separations. The 6 mm diameter markers resulted 
in smaller RMS of 0.30 mm. Therefore, the 6 mm diameter marker was chosen in this 
project. Also, the 1 % percentage error achieved by the 6 mm diameter marker 
demonstrated that the PEAK motion measurement system was up to the requirement 
of the 3-D static imaging of the external markers. 
6.2 RELIABILITY OF THE EXPERIMENTAL SET-UP 
Reliability of the experimental set-up was investigated. Cadaveric knee number 
1 with intact ACL was used in this test. The knee was mounted into the plexi-glass 
box in three separate days. The 3-D positions of the tantalum beads were determined 
by the biplane x-ray system. The distance between each of the four tantalum beams 
was determined and used for the reliability test. 
117 
Let di be the distance between the tantalum ^ _ _ _ ^ 
beads on the tibial side (Fig. 6.1). femur 
lateral ,. i . , medial side -1 j side Let d2 be the distance between the tantalum "^ 
f o l 
beads on the femoral side. 山 1 ^W^ 
\ � J ^ ACL 
I d i | 
tibia 
Let d3 be the distance between the tantalum 
beads which represented the AM bundle. 
0 tantalum bead 
Let d4 be the distance between the tantalum 
beads which represented the PL bundle. Fig. 6.1. Separations di, d2, d3, and d4 
of the tantalum beads, (not drawn to 
scale) 
The four separations among the tantalum markers inside the ACL was shown 
in Fig. 6.1. Biplane x-rays were taken. The scatterplot of the reliability test was shown 
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Fig. 6.2. Scatterplot diagram showing the result of the reliability test of the 
experimental set-up. 
The three data in each group depicted the distance between the markers in 
three separate conditions. The scatterplot demonstrated that the points were clustered 
together. It meant that the distance between the tantalum beads were very close to 
one another in the 3 different situations. Tukey's test of additivity from the reliability 
analysis option of the SPSS program was performed. The statistical result yielded 
0.999 which indicated good reliability (Portney & Watkins 1993). The between mean 
square (BMS) and error mean square (EMS) were 125.2169 and 0.0302 respectively. 
The ICC(3,1) formula was used: 
= 屬 - 麗 
^ ) BMS + (k-l)EMS 
where k is the number of measurement = 3 
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Therefore, 
= 而 1 6 9 - 0.0302 
125.2169 + (3-1)0.0302 
=0.999 
In fact, the ICC ranges from zero to one, with values closer to one 
representing stronger reliability. Therefore, ICC result showed that the experimental 
set-up in three different occasions had insignificant effect on the distances among the 
four tantalum beads. Both the findings from the scatterplot and ICC(3,1) results 
indicated that the experimental set-up was reliable and could be employed for the 
various investigations in this project. The statistical analysis result was shown in 
Appendix 4-2, Fig. A-4.1. 
6.3 MIGRATION OF TANTALUM BEADS 
Sectioning of the ligament and re-mounting of the specimen might cause 
migration of the tantalum beads implanted in the ligament. This would affect the 
reference length of the ligament. The distance between the tibial and femoral beads 
was compared in intact, partially and fully sectioned conditions. The lengths on the 
medial side (AM bundle length) and the lateral side (PL bundle length) of the 
specimen were investigated separately because partially sectioned of the ligament 
involved the AM bundle. The result was shown in Appendix 4-3, Table A-4.5. 
1. The test for migration of tantalum beads for the AM bundle 
The AM bundle length was compared within the same knee specimen in intact, 
partially and fully sectioned conditions under 0 N condition. The distance between the 
tibial and femoral tantalum beads were clustered together for the four specimens 
tested (Fig. 6.3). The knee 1 demonstrated the greatest difference in the reference 
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length which was 1.575 mm. It was 10.8 % difference in length when compared to the 
intact ACL condition. The lease distance change was knee 4 which was 0.722 mm 
(3.3 % change). 
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Fig. 6.3. Scatterplot diagram showing the result of migration test of AM bundle 
length. 
The ICC(3,1) was calculated (refer to Appendix 4-3, Fig. A- 4.2). The 
statistical result yielded 0.988 which indicated good reliability (Portney & Watkins 
1993). The between mean square (BMS) and error mean square (EMS) were 84.0774 
and 0.3388 respectively. The ICC(3,1) was calculated as follows: 
I C C ( 3 , 1 ) = 鄙 - E M S 
^ ， BMS + (k-l)EMS 
where k is the number of measurement = 3 
Therefore, 
= 84.0774 - 0.3388 
ICC(3,1) - 84.0774 + (3-1)0.3388 
=0.988 
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The ICC(3,1) demonstrated the AM bundle length was reliable under the 
different conditions of ACL. However, the maximum AM bundle reference length 
change was 10.5 % in knee 1. Since the reference length might affect the subsequent 
length changes ofthe ACL, caution should be taken on the interpretation on behavior 
ofAM bundle ofthe ACL. 
2. The test for migration of tantalum beads in the PL bundle 
The PL bundle length was compared within the same knee specimen in intact, 
partially and fully sectioned conditions. The distance between the tibial and femoral 
tantalum beads were clustered together for the four specimens l:ested (Fig. 6.4). The 
knee 4 showed the greatest difference in reference length which was 0.925 mm (3.1 % 
change as compared to PL bundle length in intact ACL condition) while knee 1 
exhibited the least distance change of 0.101 mm (0.8 % change). 
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Fig. 6.4. Scatterplot diagram showing the result of migration test ofPL bundle length. 
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The ICC(3,1) was calculated (refer to Appendix 4"3, Fig. A- 4.3). The 
statistical result yielded 0.99893 which indicated good reliability (Portney & Watkins 
1993). The between mean square (BMS) and error mean square (EMS) were 
318.9466 and 0.1142 respectively. 
The ICC(3,1) was calculated as follows: 
= B M S - EMS 
BMS + (k-l)EMS 
where k is the number of measurement = 3 
Therefore, 
= 3 1 8 . 9 4 6 6 - 0.1142 
318.9466 + (3-1)0.1142 
=0.99893 
The result of migration test of PL bundle showed that the effect of sectioning 
of ACL and re-mounting of the specimen had less effect on the length difference in 
different conditions ( 10.5 % for AM bundle and 3.1 % for PL bundle). The 3.1 % 
change of the experimental procedure over the PL bundle might have less effect on 
the reference position of the PL bundle. 
6.4 COMPARISON OF THE X, Y, AND Z COORPn^ATES OF EXTERNAL 
MARKERS IMAGED BY RSA AND VIDEO STEREOGRAPHY 
The accuracy of the PEAK motion measurement system in imaging the 3-D 
coordinates of external markers was investigated. Comparison of the x, y, and z 
coordinates ofthe external markers as imaged by both systems were performed. Knee 
number 1 was used in this investigation. External markers in both 0 N and 100 N 
conditions were imaged. The scatterplot diagram showed a satisfactorily linear 
relationship between the two systems (Fig. 6.5). The x-axis of the scatterplot 
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represented x, y, and z coordinates as imaged by the video system while the y-axis 
represented the corresponding coordinates from x-ray. Both the coordinates were 
with reference to the global reference system. 
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Fig. 6.5. Scatterplot diagram showing the result of the comparison between RSA and 
video stereography in imaging the 3-D coordinates of the external markers. 
The ICC(2,1) was used to determine the agreement between the two systems. 
Model 2 was used in this investigation because the RSA and video systems were 
considered as two raters. The form was 1 as a single measurement by each system 
was taken. The ICC(2,1) gave a good reliability value of 0.999 (Portney & Watkins 
1993). The statistical analysis was shown in Appendix 4-4, Fig. A-4.4. The between 
mean square (BMS), error mean square (EMS), and between-raters mean square 
(RMS) were found to be 13974.0730, 0.848, and 0.2082 respectively. Since 
measurement by each system was performed once, the k was equal to 2. A total of 72 
coordinates were compared and the n was equal to 72. ICC(2,1) was calculated using: 
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ICC(2,1) = BMS - EMS 
BMS + (k - l )EMS+ M ^ S ^ E M S 2 
n 
Therefore, 
ICC(2 n = 13974.0730 - 0.0848 
, — 1 3 9 7 4 . 0 7 3 0 M2-1)0.0848 + 2 ^ 2 0 8 2 ^ 0 ¾ 
72 
=0.999 
The result demonstrated that the two raters (RSA and Video stereography) 
agreed to a close extent on imaging the x, y, and z coordinates of the external 
markers. Therefore, the PEAK motion measurement system was up to the 
requirement of this project. The result was shown in Appendix 4-4, Table A-4.6. 
6.5 PREDICTION OF LENGTH CHANGE OF ACL 
The change of distance between the tibial and femoral markers was imaged by 
both the RSA and video stereography. The RSA, known as an accurate measurement 
method (Dijk et al 1979) was used to compare the measurement of the video 
stereography. A total of 23 conditions were imaged in this experiment. One condition 
could not be captured due to video camera imaging problem. Ii: was specimen knee 1, 
PL bundle in fully sectioned condition. 
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1. Prediction of the length changes of ACL by video stereography as imaged from 
skeletal markers. 
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Fig. 6.6. Scatterplot diagram showing the prediction of the length changes of ACL by 
the video stereography as imaged from skeletal markers. 
The scatterplot diagram demonstrated that the predicted values from the video 
stereography (skeletal markers) formed a linear relationship with the measured values 
from RSA (Fig. 6.6). The statistical analysis was performed. The Pearson product-
moment coefficient of correlation (r) was 0.81 (p < 0.05). The coefficient of 
determination (r^) was 0.65. The regression equation of skeletal markers was: 
y = 0.58 + 0.44x (p<0.05) 
where y is the predicted value oflength change of ACL and 
X is the measured value from the video stereography. 
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The r obtained was 0.81 and was considered to fall into good to excellent 
range (Portney & Watkins 1993). The r^  was 0.65 which meant that 65 % of the 
variance in length changes of ACL can be accounted for by knowing the variance 
from the skeletal marker video stereography. Both the correlation and regression 
models were statistical significant with p < 0.05. 
The predicted values of the length change of ACL from the skeletal markers 
were shown in Appendix 4-5, Table A-4.7. The regression statistical analysis was 
shown in Appendix 4-5, Fig. A-4.5. 
2. Prediction of the length change of ACL by video stereography as imaged from plate 
markers. 
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Fig. 6.7. Scatterplot diagram showing the prediction of the length changes of ACL by 
the video stereography as imaged from plate markers. 
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The scatterplot diagram demonstrated that the predicted values from the video 
stereography (plate markers) formed a linear relationship with the measured values 
from RSA (Fig. 6.7). The statistical analysis was performed. The Pearson product-
moment coefficient of correlation (r) was 0.93 (p < 0.05). The coefficient of 
determination (r^) was 0.87. The regression equation of skeletal markers was: 
y = 0.55 + 0.46x (p < 0.05) 
where y is the predicted value oflength change of ACL and 
X is the measured value from the video stereography. 
The r obtained was 0.93 and was considered to fall into good to excellent 
range (Portney & Watkins 1993). The r^  was 0.87 which meant that 87 % of the 
variance in length changes of ACL can be accounted for by knowing the variance 
from the plate marker video stereography. Both the correlation and regression models 
were statistical significant with p < 0.05. 
The predicted values of the length change of ACL from the plate markers 
were shown in Appendix 4-5, Table A-4.7. The regression statistical analysis was 
shown in Appendix 4-5, Fig. A-4.6. 
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6.6 BEHAVIOR QF ACL 
Length change of ACL occurred when the knee was subjected to 100 N 
anterior drawer force. The behavior of ACL was studied in intact, partially and fully 
sectioned conditions. RSA and video stereography (skeletal markers) data were used 
to study the behavior of ACL. The measurement from the skeletal markers was 
chosen because they resulted in a lower coefficient of determination (r^) of0.65 in the 
prediction test. This might provide a more stringent approach for testing the video 
stereography. The root mean square (RMS) was used to calculate the average of the 
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Fig. 6.8. The length changes of AM and PL bundles in different conditions of the ACL 
as measured by RSA and video stereography (skeletal markers). 
There was a trend toward an increase of length changes for both bundles after 
partially and fully sectioned of the ligaments (Fig. 6.8). The diff erence in measurement 
between the RSA and video stereography in length changes ranged from 0.05 mm to 
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0.35.mm. The largest difference of length changes between the two systems occurred 
in PL bundle of the fully sectioned condition. 
The length changes of the video data, AM bundle, PL bundle, and the combined result 
of RSA were listed in Appendix 4-6: Table A-4.7, Table A-4.8, Table A-4.9，and 
Table A-4.10 respectively. 
6.6.1 Comparison oflength changes in different conditions of ACL 
1.RSA 
The length changes (combined AM and PL data) were compared among the 
intact, partially and fully sectioned groups. One Way ANOVA statistical test was used 
to investigate the effect of sectioning on the length change of ACL. The a was set to 
0.05. The statistical analysis from RSA showed that there was no significant 
difference of the length change of the ACL among the three conditions (p>0.05). The 
statistical analysis result was shown in Appendix 4-6, Fig. A-4.7. In order to show the 
trend of the effect of sectioning on the ACL, a less stringent statistical analysis i.e. 
multiple paired t-tests were performed. 
The multiple t-tests showed that two of the comparisons: intact vs fully 
sectioned conditions, and partially sectioned vs fully sectioned conditions were 
significant different with p<0.05. It showed that the full sectioning of the ACL had an 
effect on the length change of the ACL. The statistical analysis; results were shown in 
Appendix 4-6, Fig. A-4.8 to Fig. A4-10. 
2. Video stereography 
One Way ANOVA statistical test was used to investigate the effect of 
sectioning on the length changes of ACL as measured by the video stereography. The 
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a was set to 0.05. The statistical analysis from video stereography also showed that 
there was no significant difference of the length changes of the ACL among the three 
conditions (p>0.05). The statistical analysis result was shown in Appendix 4-6, Fig. 
A-4.11. In order to show the trend of the effect of sectioning on the ACL, a less 
stringent statistical analysis i.e. multiple paired t-tests were also performed. The 
multiple t-tests showed that two comparisons: intact vs fully sectioned conditions, and 
partially sectioned vs fully sectioned conditions, were significant different with 
p<0.05. The statistical analysis result was shown in Appendix 4-6, Fig. A-4.12. 
6.6.2 Comparison oflength changes of AM and PL bundles ofACL 
Since sectioning was performed on the AM bundle in the partially sectioned 
condition, the length changes of AM and PL bundles were compared in the 3 
conditions. Paired t-tests were performed with a = 0.05. 
There was no statistical difference among the AM and PL bundles in intact, 
partially sectioned and fully sectioned conditions of the ACL (all p>0.05). It 
demonstrated that the length changes of the AM and PL bundle had no significant 
difference under the 3 conditions as measured by RSA. The statistical analysis results 
were shown in Appendix 4-6, Fig. A-4.13. The statistical analysis performed by the 
video stereography also showed no significant difference among the AM and PL 
bundles in intact, partially sectioned and fully sectioned conditions of the ACL (all 





The first limitation of this experiment is that embalmed cadaveric knees were 
used. Hence, the result of this project cannot have a direct generalization to the in 
vivo condition as lots of discrepancies exist between cadavers and living subjects. 
Firstly, the influence of the muscular actions was not taken into consideration. Studies 
found that both the quadriceps and hamstrings have sufficient effect on the stress and 
strain of ACL (Beynnon et al 1995, Lysholm & Messner 1996). Also, clinicians have 
been using the muscle strength as one of the guidelines for the ACL patients to return 
to their sports activities (DeCarlo et al 1992). The rationale behind is that the strong 
muscle can protect the knee joint and the healing graft. Secondly, the external forces 
in the functional activities are multi-directional. Axial loading, rotation torque, and 
translational shear are acting on the knee joint simultaneously during all these 
activities. In this experiment, the anterior drawer force of 100 N performed in a non-
weight bearing position cannot simulate the in vivo situation. Thirdly, the soft tissue 
of the cadaver is different from in vivo condition. This has implication on the findings 
of this study. The relatively stiffer skin and underlying soft tissue in the embalmed 
knee might reduce the skin movement artefacts. Also, the response of the tissue 
subjecting to the 100 N loading will be different. This will alter the dimension 
measured for the length changes of the ACL. Therefore, the length change data in this 
experiment were mainly used to investigate the accuracy of 1;he video stereography 
system. No generalization to the behavior of living tissue was made (refer to section 
7.3 for further discussion). Fourthly, the demographic data were not available for the 
knee specimens. These specimens might come from different age groups. Since age 
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has sufficient effect on the mechanical property of ACL, it might affect the ACL 
length change behavior (Noyes & Grood 1976, Woo et al 1991). 
The second limitation is the reference position of the cadaveric knee. Due to 
the varied anatomy of human, the starting position of each knee might not be the 
same. The effect was minimal in this project as the nature of the study is a comparison 
between the RSA and video stereography. Nevertheless, it might affect the findings on 
the characteristic of the ACL. Several factors might affect the reference position of 
the cadaveric knee. Firstly, the tibia might not be placed in a neutral rotation testing 
position. Kennedy et al (1974) demonstrated that the ACL became tense when 
internal tibial rotation was applied for all knee flexion angles. Suggestion to 
standardize the starting rotational component is by maximally external or internal 
rotation of the tibia (Rolf, 1997, personal communication). Secondly, the angle of the 
tibiofemoral joint might not be positioned into 20° flexion. Although a goniometer 
was used in the set-up, the curvature of the bones and the soft tissue surrounding the 
knee joint made the measurement difficult. Moreover, the anterior drawer force 
caused slight extension of the tibia during loading. Thirdly, the amount of anterior 
drawer force applied to the ACL itself might not be the same due to different weight 
of the knee specimens. As a certain amount of the drawer force has to counteract the 
weight of the tibial portion, the remaining force to the ACL will be different among 
the specimens. Fourthly, the partially sectioned procedure of the ACL was difficult to 
standardize. The size of the mid-ligament portion was difficult to determine under the 
arthroscopic view. Different amounts of the ligament might be sectioned among the 
knees. Finally, the site of implantation of the tantalum beads might vary among the 
specimens. Although some guidelines of the implantation procedure were made 
beforehand, the site might not be the same for the AM and PL bundles among the 
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different knees. Two tests were performed to investigate some of the issues of the 
reference position. The reliability of the experimental set-up was tested and the 
ICC(3,1) result showed a value of 0.999. It indicated a good reliability of the 
experimental set-up (Portney & Watkins 1993). The sectioning effect on the migration 
of the tantalum beads was also investigated as it might affect the reference length of 
ACL bundle in the 0 N position. Although the ICC(3,1) gave good reliability values of 
0.988 and 0.99893 for the AM and PL bundles respectively, caution should be taken 
as there was a range of3.1 % to 10.5 % difference in the reference length of ACL in 
the 0 N condition of the intact, partially, and fully sectioned knees. It might affect the 
behavior of the ACL as the starting position of the ACL was different. 
Another limitation concerns the parameter (length change) as measured by the 
video stereography. Until now, the relationship between graft strain or length change 
produced by rehabilitation exercises and the biological response of the graft during 
healing is unknown (Beynnon et al 1995). Therefore, it is impossible to recommend 
exercises that will produce optimal graft strain behavior, while not permanently 
elongating the graft or disrupting graft fixation. However, the healing graft is 
vulnerable to over-loading and may fail or permanently elongate if the rehabilitation is 
too aggressive. Therefore, it is possible to use data from the strain or length change 
measurement to describe how knee position and muscle activity level may affect the 
strain behavior of the graft. 
Finally, all the measurements taken by the video stereography in this cadaveric 
study were of static parameters. The accuracy and the comparison investigations were 
valid only for the static condition. Further investigation is necessary for the dynamic 
situation. 
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12 VIDEO STEREOGRAPHY 
7.2.1 Accuracy of the PEAK motion measurement system 
The accuracy of the PEAK system (PEAK Performance Technologies Inc., 
USA) was investigated. All the parameters of the instrumentation were chosen 
according to the configurations of the cadaveric knee. The accuracy test was 
performed in a 300 mm x 300 mm x 300 mm volume. Twenty four locations within 
the volume were chosen for the measurement. This has the advantage of determining 
the accuracy for the whole volume of measurement as the distortion of the video may 
be greater when measurement is taken further away from the center. Two different 
diameters of sphere were examined. The percentage error from the 6 mm diameter 
marker was less than that from the 5 mm diameter (1.00 % for 6 mm diameter 
marker, 2.72 % and 4.64 % for 5 mm diameter marker). It agrees with the PEAK 5 
video manual that the larger the marker size, the better is the accuracy achieved. 
Scheirman and Cheetham (1990) performed an accuracy test on the PEAK system. 
Marker size was 38 mm and was tested in 2100 mm x 2100 mm x 1600 mm volume. 
The RMS error was 0.5 mm. The one found in this project was 0.3 mm. Although the 
marker size was larger in their study, the volume used was much larger. This will 
lower the accuracy achieved. Therefore, the accuracy and error will depend upon all 
the parameters being used in a particular experiment. Both the RMS and the 
percentage error of PEAK showed that the system is up to the requirement of this 
project. 
Different parameters have been used to show the accuracy of the video 
systems. Andriacchi et al (1980) utilized a system with resolution of one part in 500 to 
study the stair climbing. Woo et al (1983) used a video dimensional analyzer with the 
errors in linearity and accuracy less than 0.5 %. Adams and Muller (1996) employed a 
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video camera to measure the strain of a thumb ligament and achieved a very good 
accuracy of 0.004 mm. But their method of calculating the error was not mentioned. 
No matter what parameter is used to determine the accuracy of the video system, it 
must meet the requirement of the target measurement. 
Since the accuracy of video stereography depends much on the video system 
used, Ehara et al (1995) made a comparison of accuracy among a number of 
commercially available 3-D camera systems for clinical gait measurement (Table 7.1). 
It was a dynamic measurement and the time duration was 5 s. The marker size was 
not mentioned in their study. The volume of measurement was approximately 2400 
mm X 600 mm x 900 mm. 
Table 7.1. Comparison of the performance of3-D camera systems. 
System Error Standard Mean Absolute Maximum 
Deviation Error Error 
(mm) (mm) (mm) (mm) 
“ Q u i c k Mag " ~ ~ +9 .5 ; -4 .6~ 
Video Locus L0 L7 L4 +2 .1 ; -5 .2~ 
F ^ ^ 4 ^ ^ +0.6;-14.2^ 
Ariel 5^ ^ ^ +10.8;-26.3^ 
Vicon Z3 L2 Z3 +4.9;-1.6~~ 
m ^ 32 0^ 32 +0 .4 ; -5 .6^ 
~"Kinemetrix~~~ 3.0 3.8 3.3 +5.1;-12.1 
~~Optotrack L0 ^ ^ +0.01;-1.2^ 
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Definitions of the accuracy terms in Ehara et al's study follow: 
Error = | Dtme - Dav 
where Dtme 二 true marker distance 
1 “ 
Dav = — X Dk = average marker distance 
n t ^ 
Dk = calculated marker distance 
n = number of samples 
n 
Z(Dk-Dav)2 
Standard Deviation = \ — 
\ n-1 
1 n 
Mean Absolute Error = — V | Dk - Dtme 
n t：^  
Maximum error = maxk(Dk) - Dtme ； mink(Dk) - Dtme 
The protocol and parameters used in Ehara et al's study were different from 
the present one, hence the values in Table 7.1 could not be used to make direct 
comparison. However, the values shown in the table can give some ideas about the 
relative accuracy among the various systems. Assuming the same instrumentation of 
the PEAK system was used in both studies, the accuracy was improved from 5.3 mm 
to 0.3 mm if the measured volume was much reduced, i.e. close range video 
stereography (Yin et al 1972, Lafortune et al 1992a). Also, the static measurement in 
the present study can give higher accuracy than in the dynamic measurement. 
The PEAK system was among the second last system in terms of the mean 
absolute error which was 5.3 mm. The best one attained 0.9 mm. Therefore, choosing 
a more accurate video system may further improve the video stereography study of 
length change of ACL. Nevertheless, other aspects for the choice of video system 
should be considered. One of the video system that achieved the least error was 
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Optotrack. However, the system is using emitting diode markers. The subjects have to 
carry cables to the markers which are cumbersome. 
In this project, the accuracy of the PEAK motion measurement system was 
further investigated in determining the 3-D coordinates of the external markers. The 
locations of the markers were compared with the biplane x-ray. The ICC(2,1) was 
0.999 which indicated good reliability (Portney & Watkins 1993). The result showed 
that the parameters of the video cameras used can meet the requirement of this 
project. 
7.2.2 Prediction oflength change of ACL by video stereography 
The Pearson product-moment correlation coefficients (r) for the skeletal 
markers and plate markers were 0.81 and 0.93 respectively (both with p < 0.05). 
These results were considered good to excellent correlation between the RSA and 
video stereography (Portney & Watkins 1993). Linear regression equations were set 
up to predict the length changes of ACL from the external markers. The equation 
from the skeletal markers was: 
y = 0.58 + 0.44x (p < 0.05) 
where y is the predicted value oflength change of ACL and 
X is measured value from the video stereography. 
The equation from the plate markers was: 
y = 0.55 + 0.46x (p<0.05) 
2 
The coefficients of determination (r ) were 0.65 and 0.87 for skeletal and plate 
markers respectively. The r^  is an indicative of the percentage of the total variance in 
the y scores that can be explained by the x scores (Portney & Watkins 1993). 
Therefore, r^  is a measure of proportion, indicating the accuracy of prediction based 
on X. For the prediction from the skeletal marker, 65 % of the variance in length 
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changes of ACL can be accounted for by knowing the variance from the skeletal 
^ ^ ^ 
marker video stereography. The r value was higher for the plate markers video 
stereography. It accounted for 87 % of the variance. The complement of r \ or 1 - r \ 
reflects the proportion of variance that is not explained by the relationship between x 
and y. They were 35 % and 23 % for the skeletal and plate markers respectively. This 
variability may be due to variations in anatomy, soft tissue interference, errors arising 
from video stereography or some other unidentified factors. The difference of the r^  
for the skeletal and plate markers was discussed in the next session. 
Correlation study has been utilized to verify the accuracy of an 
instrumentation. Daniel et al (1985) employed a linear variable differential 
transformers to verify the accuracy of a knee arthrometer, KT- lOOO. The transformers 
were fixed to the femur and tibia bones through Steinmann pins. The arthrometer was 
strapped to the cadaver specimen and a series of force were applied. The correlation 
coefficient between the two instrumentations was 0.97. However, the statistical 
significance was not given. Fleming et al (1993) used the Knee signature system to 
measure the in vivo anterior tibial translation. They compared the result with the strain 
of the AM bundle of ACL by the HEST system. The correlation coefficients were 
0.77 (p < 0.001) and 0.04 (p value not shown) for 30° and 90° knee flexion 
measurement respectively. A linear regression equation was set up for the 30° knee 
flexion condition so the strain from the ligament can be predicted from the anterior 
tibial translation. The r^  was equal to 0.59 which accounted for 59 % prediction of 
strain from the anterior tibial translation. Both Daniel et al (1985) and the present 
studies showed a higher correlation coefficient. This may due to the fact that more 
variables of the experimental set-up of the cadaveric study can be controlled. 
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The range of ACL length changes in this experiment was from 0.02 mm to 
3.085 mm. Since the dimension of the target measurement will determine the accuracy 
of the measuring instrument, an inspection on past studies on in vivo will give some 
ideas about the feasibility of using video stereography to predict the ACL length 
change (Table 7.2). The dimension of the laxity test on the normal knee was 
approximately 4 to 8 mm depending on the magnitude of the anterior drawer force 
(Myrer et al 1996). Lachman test position yielded more anterior tibial displacement 
than the anterior drawer position at 90° (Torzilli et al 1981, Fleming et al 1993). The 
ACL-deficient knee exhibited more displacement, about 13 mm, in the Lachman 
testing position (Maitland et al 1995). On the exercises and functional activities 
aspects, the isokinetic exercises at 30°/s caused the largest displacement to the ACL-
deficient knee, up to 17 mm (Lysholm & Messner 1994). The stairs and squatting 
activities caused the tibial displacement up to 8 mm (Yack et al 1993, Lysholm & 
Messner 1994). The displacement was smaller in the ACL-reconstructed knees 
(Bynum et al 1995). The measurement parameter of the previous in vivo studies was 
displacement which measured the anterior tibial translation with reference to the 
patella. Although the measurement parameter is different from the present study, the 
previous studies could still give us some idea about the dimensional change of the 
knee in both normal subjects and ACL patients. Based on the dimension perspective, 
if the video stereography is feasible to predict the length change range in this project, 
the potentiality of this method in measuring the ACL-deficient and ACL-
reconstructed patients will be quite high. Factors pertaining to the living subjects, 
such as the muscle tone and the compliance of living tissues, will certainly affect the 
accuracy of the measurement and further investigation is necessary. 
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Table 7.2. Previous studies on the anterior tibial translation. 
1. KT-1000 and KT-2000 arthrometer 
Investigators Results 
Maitland et al (1995) KT-2000 arthrometer for 6 ACL-deficient patients with 
knee flexed at 25°. 
Anterior Force Mean 士 SD 
(N) (mm) 
145 13.8+5.7 
Bynum et al (1995) KT-1000 arthrometer for 64 ACL reconstructed patients. 
An 89 N force was applied with -3 to 10 mm range of 
anterior tibial displacement were measured. 
Myrer et al (1996) KT-2000 arthrometer for 30 normal college students with 
the knee flexed at 30°. 









Table 7.2. Previous studies on the anterior tibial translation (continued). 
2. roentgenographic technique 
Torzilli et al (1981) Plane x-ray for 40 normal subjects with the knee flexed at 
90�. 








3. External knee instrumentation 
Fleming et al (1993) Knee signature system arthrometer on 5 subjects with 
normal ACL under anesthesia with knee flexed at 30°. 




Yack et al (1993) Knee signature system arthrometer on 11 subjects with 
ACL-deficient with knee flexion at 18°. Measurement 
were made on knee extension exercises (KEX), Lachman 
test and squatting exercise (PSX) (Fig. 7.1). The 
displacements were 14 mm, 12.5 mm, and 8 mm for KEX, 
Lachman test, and PSX respectively. 
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3. External knee instrumentation (continued) 
Lysholm and Messner CA 4000 goniometer system on 18 ACL-deficient 
(1994) patients. The anterior tibial displacement was measured 
during isometric, isokinetic and stair activities. 
Activities Normal knee ACL-deficient knee 
mm (SD) mm (SD) 
-isometric quadriceps 5 (2) 8 (3) 
at20° 
-isokinetic quadriceps 15(3) 17(4) 
at 307s 
-upstairs 9 (3) 8 (3) 
- downstairs 7 (3) 8 (2) 
Anterior tibial displacement (mm) 
@ 18 degrees of knee flexion 
1 6 � 
I 
14 |- r ~ ~ 1 ~ ~ y 
I 丄 












KEX LACHMAN PSX 
Fig. 7.1. Anterior tibial translation under different conditions, (from Yack et al 1993) 
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7.2.3 External markers 
Two types of external markers were investigated for their accuracy in the 
video stereography. The concept of virtual marker was employed in predicting the 
length changes of the internal markers (Soutas-Little 1996). The coefficients of 
o 
determination (r ) were 0.65 and 0.87 for skeletal and plate markers respectively. The 
2 
r value was higher for the plate markers video stereography. Possible reasons were 
suggested for this finding. Firstly, different designs of the external markers affected 
the accuracy of the imaging. The spheres of the skeletal markers were supported on 
the plexi-glass rods of3.8 cm in length. The three plexi-glass rods were perpendicular 
to one another. This design has the advantage of avoiding overlapping of markers in 
the video imaging. But the drawback is that some spheres of the skeletal marker were 
away from the sagittal plane of the knee where the video cameras were focusing. 
These markers appeared small in the video image and made the digitization difficult. 
The location of the center of the markers was then affected. The spheres on the plate 
markers were coplanar and lying on the focusing plane of the video cameras. 
Consequently, the plate markers resulted in a higher r^  in this study. Secondly, the 
base of the sphere of the skeletal markers was occasionally imaged. Part of the sphere 
was obscured by the plexi-glass rod and the shape was distorted in the video image. In 
the automatic digitization of the PEAK system, the center of the image will be located 
by centroid method. Therefore, the distorted shape of the skeletal markers in the 
video images will shift the location of the center of the marker. On the contrary, the 
front of the spheres of the plate markers was always directing to the video cameras. 
Therefore, the centroid method of digitization for the plate markers will provide better 
accuracy in locating the center of the markers. Thirdly, the experiment was carried out 
in static condition. The skin movement artefact was minimal. Also, there was no 
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muscle contraction of the knee in this experiment. It further reduced the relative 
movement between the plate markers and the underlying bone. 
From this experiment, several points can be highlighted in the design of the 
markers and of the choice of video imaging method. Firstly, the size of the markers 
should be relatively large. Secondly, the arrangement of the markers should be 
coplanar and lying on the focus plane of the video cameras. Thirdly, the tension of the 
elastic strap of the plate markers should be appropriate so as to minimize the soft 
tissue movement and not causing discomfort to the subject. Fourthly, some video 
camera systems determine the center of the markers by the shade of the reflected light. 
This can compensate the distorted shape of the markers from the video images. 
System such as Elite (Bioengineering Technology & Systems, Italy) claims that it can 
improve the accuracy. 
The study of the accuracy of plate markers is scanty. Skeletal markers are 
usually employed to make the comparison (Angeloni et al 1992). Provided the design 
and imaging technique are the same, the investigator can comment on the accuracy of 
the plate markers. Otherwise, error coming from the photogrammetric aspect may be 
wrongly interpreted as skin movement artefacts. 
7.3 BEHAVIOR QF ACL 
The ACL will undergo elongation when it is stressed. In this project, the 
behavior of the ACL were studied in intact, partially sectioned and fully sectioned 
status. Also, a comparison between the AM and PL bundle was made. Since 
embalmed cadaveric knee specimens were employed in this project, the structure of 
the tissue has been changed. Hence, the data were just for comparison only and no 
generalization was made to the human tissue. Also, we assume that the formalin has 
equal effect on the structure of ACL when comparison was made. RSA and video 
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stereography systems were used in this study. Only RSA result was used to comment 
on the behavior of ACL since it was considered as an accurate measurement tool. The 
findings from the video stereography were used to compare the two systems. 
7.3.1 Effect of sectioning on the behavior of ACL as measured from RSA 
The length changes of the AM bundle from RSA were 0.85±0.53 mm, 
1.53土1.03 mm, and 2.19±1.23 mm for intact, partially sectioned and fully sectioned 
respectively. PL bundles had 1.01士0.63 mm, 1.40±0.94 mm, and 2.13±1.50 mm 
length changes for the corresponding conditions. Initially, the effect of the sectioning 
of the ACL was tested using One Way ANOVA. No statistical significance was 
obtained (p>0.05). This may due to the stiff surrounding structure of the embalmed 
tissue that causes diminished length change of the tibia. Other possible reasons may be 
the small sample size and biological variation of the specimens. Subsequently, when 
the multiple paired t-tests were performed, significant differences were observed for 
two comparisons: intact and fully sectioned; and partially and fully sectioned. It 
showed that the full sectioning of the ACL had an effect on the length change of the 
ACL. However, the drawback with the multiple t-tests is that the a is not adjusted 
when the tests are performed more than once. It will then have a higher chance of 
committing the type I error. Therefore, the above result should be interpreted with 
caution. 
Previous investigators studied the response of the ACL under anterior loading 
when full sectioning was performed. A comparison of various results is shown in table 
7.3. The difference between fully sectioned and intact conditions ranged from 3.4 to 
5.6 mm. The present study yielded a smaller value of 1.23 mm (average of the AM 
and PL bundle). Smaller length change found in this study mainly lies in the stiffer 
surrounding tissue of the embalmed specimens. 
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Table 7.3. Effect of sectioning on the behavior of ACL. 
Investigators Results (measurement in mm) 
Furman et al Cadaveric study with manual force was applied to the knee until 
(1976) firm pressure. Anterior tibial displacement (ATD) was 
measured. 
intact ACL: ATD | cut ACL: ATD | ATD(cut) - ATD(intact) 
(45° knee flexion) 
2.9 7.0 4.1 
(0° knee flexion) 
1.8 5.2 3.4 
Markolf et al Cadaveric study with 100 N force was applied manually at 0° 
(1976) knee flexion. 
intact ACL: ATD | cut ACL: ATD | ATD(cut) - ATD(intact) 
2.0 5.4 3.4 
Tang (1993) Cadaveric study with 100 N force was applied at 20° knee 
flexion. Length changes of the ACL were measured. 
length change | length change | length change length change 
intact ACL | cut ACL | of cut ACL - ofintactACL 
1.1 6.7 5.6 
present study Embalmed cadaveric study with 100 N force was applied with 
20° knee flexion. 
length change | length change | length change length change 
intact ACL | cut ACL | ofcut ACL - ofintactACL 
0.93 2.16 1.23 
7.3.2 The behavior of AM and PL bundles as measured by RSA 
The length changes of the AM and PL bundles by RSA were compared. Paired 
t-test showed that there was no significance difference among the two bundles in 
intact, partially sectioned and fully sectioned conditions (all p>0.05). However, in the 
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intact ACL condition, there was a trend of greater dimensional change for the PL 
bundle. This result agreed with Hollis et al (1991) but was contrary to Tang (1993) 
(Table 7.4). The difference of this phenomenon may be due to the different measuring 
methods. Hollis et al and the present study measured the beads implanted at the end of 
the ACL. In Tang's study, markers were tied onto the substance of the ligament, thus 
measuring primarily the middle half of the ACL. Due to the complex nature of the 
ACL, different locations of the bundle may give different length change 
measurements. This discrepancy also shows when the strain of the mid-substance of 
AM bundle was compared with anterior tibial displacement (Fleming et al 1993). 
Table 7.4 The behavior of AM and PL bundles under loading in ACL intact condition. 
Investigators Results (elongation 土 SD in mm) 
Hollis et al (1991) intact knee flexed at 30�with 100 N anterior force: 
AM bundle length change PL bundle length change 
1.2±0.斗 1.6 + 0.7 
Tang (1993) intact knee flexed at 20° with 100 N anterior force: 
AM bundle length change PL bundle length change 
l . l i 0 . 5 0.5±1.2 
The present study intact knee flexed at 20° with 100 N anterior force: 
AM bundle length change PL bundle length change 
0.85 士 0.53 1.01 土 0.63 
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7.3.3 Comparison of the RSA and video stereography systems in the study of the 
behavior of ACL 
The comparison between the RSA and video stereography systems in this 
section was descriptive. The formal statistical analysis had been performed and 
discussed in section 7.2. The purpose of this comparison is to give us an idea of the 
video stereography in the study ofbehavior of the ACL. 
The length changes of ACL under 100 N loading were studied in intact, 
partially and fully sectioned conditions. Both the systems showed that there was a 
trend toward an increase of length change for the AM and PL bundles after partially 
and fully sectioned of the ligaments. The difference in measurement between the RSA 
and video stereography in length changes ranged from 0.05 mm to 0.35 mm. How 
does the dimension of 0.35 mm difference of length change affect the clinical studies 
of ACL depend on types of investigation. As discussed before, the dimension of ACL 
change ranged from approximately 4 mm in laxity test of normal subjects (Myrer et al 
1996) to 17 mm in the isokinetic exercise (Lysholm & Messner 1994). The estimated 
errors would be from 8.8 % to 2.0 % for a static laxity test to a dynamic isokinetic 
exercise. However, all these comparisons were made in cadaveric specimens and 
static condition. The errors are expected to be higher in in vivo situation. Further 
investigation is necessary. 
Statistical tests on the length changes of ACL among the three conditions all 
showed insignificant result for both measurement systems when One Way ANOVA 
test was performed (p>0.05). The stiff embalmed tissue and the small sample size 
might be responsible for the phenomenon. However, when the less stringent paired t-
tests were performed, both the RSA and video stereography systems showed 
statistical differences in two conditions (p<0.05): intact vs fully sectioned conditions, 
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and partially sectioned vs fully sectioned conditions. It showed that the video 
stereography was comparable to the RSA system in measuring the length change of 
ACL. Both could not detect a difference in length change of ACL if the displacement 
between the femur and tibia is minimal. 
Comparison between the AM and PL bundles was performed by RSA and 
video stereography. Both systems could not detect any significant difference between 
the two ACL bundles. Stiff structure and small sample size might also be the reasons 
for this findings. 
Both the results from the statistical analysis and the study of the behavior of 
ACL suggested that the video stereography is feasible to predict the length change of 
ACL within the limitations of this cadaveric study. However, no generalization can be 
made to the in vivo situation. Further investigation should be pursued. 
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7.4 SOURCES QF ERROR 
There were a number of possible errors. These might include: 
1. Error arising from the RSA system 
a. Error arising from the reference planes 
Error might arise from the calibration panels of the plexi-glass box. These 
panels might not be exactly parallel to each other. Also, the x-ray film might not be 
placed exactly parallel to the plexi-glass panels. All these would violate the 
assumption made in the mathematical calculation. 
b. Error in calibration markers 
The distances between the markers on the calibration panels might not be 
placed exactly. 
The effect of these potential errors arising from RSA were assessed in section 
3.1.5. The percentage error was 0.12 % and was acceptable in this study. 
c. Error in implanting the internal markers in the ligament 
The accuracy and reliability of tantalum beads implantation into the ACL 
depended on the precision of the orthopaedic surgeon who could identify the intended 
bundles. 
2. Error arising from the determination of the virtual markers 
In the prediction of the length change of ACL, an assumption of a fixed 
relationship between the internal and external markers was made. Error might arise 
from this assumption when the ACL was under external force. When the tantalum 
beads were inserted into the substance of the ACL, however close to its bony 
attachment, there might still be some soft tissue interspersed between the beads and 
the bony part. This would magnify the calculated length changes of the ACL from the 
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video stereography method. The magnification was explained in Fig. 7.2 and Fig. 7.3. 
This error can be reduced if the beads are implanted directly into the bone. 
• femur 
^ ^ ^ ' ^ ^ ' y ~ \ T ^ ^ A C L 
^ ^ ^ X ^ 2 1 ^ ^ ^ ; ^ r ^ -
local reference frame f \ v ^ "^N^^ 
of femur / \ v ^ ^ \ 
tantalum beads ^ 
local reference frame 
of tibia 
Fig. 7.2. The distance of the tantalum bead with reference to the respective local 
reference frame in the 0 N condition. The distance for the femur (df) and tibia (dt) 
were assumed to be fixed, (diagram not to scale) 
ACL lOONforce 
^ t ^ " . ^ ^ . ^ 
. - - - - ^ ^ r ~ 7 ^ < < : > > f - t ^ ^ 
V ^ ^ _ Z ^ ^ ^ ? ^ ^ ^ > ^ 
local reference frame / / ^ ^ ^ ^ \ 
offemur | / / ^ ^ _ ^ 
new position of | 
tantalum beads local reference frame 
of tibia 
© position ofthe virtual markers in the assumption 
Fig. 7.3. The new position of tantalum beads in the 100 N condition. Since the fixed 
relationship is assumed in the calculation (constant df and dt), the calculated distance 
of the virtual markers (dv) will be longer than the actual markers length change (da), 
(diagram not to scale) 
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3. Error from the video stereography and external markers 
The possible error sources and their investigation were calculated and 
discussed in section 7.2. 
4. Error arising from the shooting ofRSA and video stereography 
The shootings were not taken simultaneously for both systems because the 
calibration panels were blocking the video imaging when the x-ray was taken. Error 
might arise when there was still movement of the knee after the x-ray shooting. This 
was prevented by checking the tibial sliding plate position before and after the 
shootings. 
7.5 CLINICAL APPLICATIONS 
The findings of this project are confined to cadaveric conditions. Further study 
on video stereography is required before its clinical application. Nevertheless, possible 
applications to clinical study are suggested. 
7.5.1 Suggestions to the logistic of the video stereography in in vivo 
In the present study, tantalum beads were implanted into the substance of the 
ACL. The presence of the beads is for location of the ligament and building a 
transformation formula between the external and internal markers. However, 
implantation of internal markers in in vivo may not be feasible. This limitation may be 
overcome by the presence of femoral and tibial tunnels for the graft in the ACL-
reconstructed patients. The end of the tunnel can be identified clearly in the x-ray 
films (Fig. 7.4). Calculation of the location of the end of the tunnels begins with 
locating three prominent bony landmarks from the femur and tibia in the biplane x-ray 
films. These points are for setting up anatomical reference frames. The relationship 
between the anatomical reference frame and the end of tunnel is then established. This 
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relationship will remain constant. Another relationship between the external marker 
reference frame and anatomical reference frame will be determined by the same 
biplane x-ray procedure. The external markers will be imaged by the video 
stereography with reference to global reference frame. The length change between the 
two ends of the tunnels can be calculated once the video data are obtained (Fig. 7.5). 
The protocol of the video stereography measurement as suggested for in vivo study is 
as follows: 
1. Application of external markers to the distal end of femur and the proximal 
end of tibia. 
2. Routine antero-posterior and lateral radiographs inside the calibration plexi-
glass box. 
3. Rehabilitation exercises and fiinctional activities are performed and filmed 
using video camera system. 
4. The location of the end of the graft will be determined from the above 
mathematical procedure. The data will be processed using the computer 
programs DIGIT.EXE, FrNDCG.EXE, and BP41.EXE. 
5. Through the transformation formula, the length changes of the ACL during 
the exercises and functional activities can be determined from the video data. 
6. The data obtained can be used for research and assessment of progress of 
patients. 
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Fig. 7.4. Graft tunnels for the femur and tibia after ACL reconstruction. A. antero-
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Fig. 7.5. Graphical representation of the transformation, (modified from Lafortune et 
al 1992a) 
7.5.2 Suggested clinical applications 
The data obtained from the future video stereography may be used for the 
assessment and diagnosis of ACL patients: 
1. Length change measurement when the rehabilitative exercises and functional 
activities are performed. 
2. Anterior drawer test - anterior drawer force is applied either by an examiner or 
by a simple pulley system (Fig. 7.6). The movement of the external markers 
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during the anterior drawer movement will be imaged by the video camera 
system. The result may be useful to determine the laxity of the patients. 
Obviously, the accuracy of this application would have to be tested. 
^ h 
- T ^ [% 
^m 
\ 
Fig. 7.6. Pulley system applying anterior drawer force, (from Friden et al 1992) 
3. Objective assessment of functional instability. At present, instability is 
subjective, and can only be reported from patients. No objective assessment is 
available. In tackling this problem, the patients will be asked to walk, side-
step, cut and run (Andriacchi and Birac 1992). These activities will cause high 
stresses to the kneejoint and may produce instability or giving way. The video 
stereography may give information on the relative motion of the femur and 
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tibia, providing an objective imaging tool to measure and diagnose knee 
stability. 
4. Kinematics of the proximal end of the tibia - the tibia (anterior and posterior 
translation, medial and lateral shift, compression and distraction, internal and 
external rotation) can also be studied. The kinematics can be measured since 
the femoral and tibial anatomical frames are obtained from the video 
stereography (Fig. 7.5). Lafortune et al (1992a) used video stereography and 
skeletal markers to study the above variables in normal subject. From the 
literature review, the author is not aware of a similar test in the ACL-deficient 
or reconstructed patients. Gait pattern of these patients may be studied from 
the same video imaging. Andriacchi and Birac (1992) found that ACL-
deficient patients tended to flex the knee during the middle portion of the 
stance phase to avoid anterior tibial displacement which would be produced by 
full action of the quadriceps. 
7.6 FUTURE STUDY 
The present study showed that the video stereography is feasible in predicting 
the length change of ACL. This statement is confined to the testing condition that 
embalmed cadaveric knees were tested on the Lachman position with an anterior 
drawer force of 100 N. The accuracy obtained may be different in other conditions of 
the knee. Therefore, further investigation on other configurations e.g. different knee 
flexion angles and external forces, is required to verify the accuracy of the video 
stereography. Fresh cadaveric knee can be used. Also, strain gauge can be employed 
to compare the video stereography system since it can provide a direct measurement 
ofthe ACL. 
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In vivo study can be started if the video stereography is feasible in the various 
conditions of cadaveric studies. Static condition will be started first. Anterior drawer 
test, isometric muscle work and squatting are the few examples that may be studied. If 
the accuracy is verified, investigation may be progressed to dynamic situation. 
Continuous passive motion, full active range of motion, isokinetic exercise can be 
studied and compared with measurement with other instrumentation e.g. Knee 
signature system. Functional instability during walking, running and cutting may be 
studied at an advanced stage. The length change data may provide answer to the 
questions concerning the time of progression and choice of rehabilitation program. 
The problem of skin movement artefacts can still be a major source of error 
using video stereography. Non-invasive plate markers work well in the embalmed 
cadaveric knee because soft tissue motion is significantly reduced. But plate markers 
might prove not optional when in activities where muscle work and inertial mass will 
generate great movement between the skin and the underlying bone. Further 
investigation will be performed to ascertain the limits of plate markers in vivo. 
Anterior drawer test, isometric contraction and slow closed chain kinetic exercises 
may be used for these purposes. Nowadays, increasing number of investigators are 
tackling the issue of skin movement artefacts. The plate markers used in this study is 
one of the suggested ways of minimizing the skin problem (Cappozzo et al 1995a). 
Andriacchi et al (1994) used a point cluster technique to measure six-degree-of-
freedom limb movement. The eigenvalues and eigenvectors were calculated from a 
cluster of points attaching to the two segments. The authors claimed that the 
eigenvalues and eigenvectors could detect the skin marker movement and its influence 
on the analysis segmental movement could be controlled (Fig. 7.7). Vicon (Oxford 
Metrics Ltd., UK) video system produced a software program called BodyBuilder 
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that claims to predict the virtual markers with the effect of skin movement artefacts 
minimized (Vicon manual 1995). It is hoped that all these advancement will provide 
an accurate non-invasive method to measure the dynamic movement of the body. On 
the other hand, to study the length change of the ACL and kinematics of proximal 
tibia during high speed actions, skeletal markers may be necessary. Recent studies 
detailed the use of acupuncture needles inserted in the foot to study the effects of 
orthoses on the metatarsophalangeal joints (Kilmartin 1991). Also, Stanhope et al 
(1994) investigated a minimally invasive in vivo skeletal tracking technique, the 
percutaneous skeletal tracker, using modified halo pins. The skeletal markers can 
minimize the skin movement artefacts. However, the invasiveness should be reduced 
before its application is acceptable in the clinical situation. Therefore, the design and 
the attachment method of the external markers should require further improvement. 
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Fig. 7.7. An illustration of the point cluster arrangement for the thigh and shank, 
(from Andriacchi et al 1994) 
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Two computer programs FMDCG.EXE and BP41.EXE, were written to 
analyze the data generated in this project. Further refinement is required to improve 
their user-friendliness. 
The methodology used in the present study may also be employed to study the 
length changes of other ligaments such as the posterior cruciate ligament or the medial 
collateral ligament simultaneously. During surgery, the various ligaments can be 
located using a point digitizer. These points will then be related to three bony 
prominence which will establish an anatomical reference frames. The methodology of 
video stereography will be employed again. The measurement method may be very 
valuable in the multiple ligament-injured knee measurement. In these patients, the 
ACL may be associated with concomitant injury to the posterior cruciate ligament, 
collateral structures, bone or cartilage (Marks & Harner 1993). Investigation on this 
area may provide useful information of these frequently injured ligaments. 
Rehabilitative personnel are facing lots of challenges as many unknowns exist 
in the rehabilitation program. The following quoting from Johnson and Beynnon 
(1995) challenges us to continue to pursue the investigation. "What do we really 
know about rehabilitation following anterior cruciate reconstruction? ~ At the present 
time, we know very little about the effects of rehabilitation on the healing ACL graft." 
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7.7 CONCLUSIONS 
The video stereography used to study three-dimensional and dynamic 
movement has a satisfactory correlation with the RSA system m predicting the length 
change of ACL in the present cadaveric study. Regression models were set up and 
were statistically significant. Plate and skeletal markers were found to be satisfactory 
for the video imaging. The design and orientation of the external markers have a 
significant effect on the accuracy of the imaging. Therefore, video stereography is 
feasible to predict the ACL length change of the cadaveric knee under the 
experimental conditions and limitations of this project. Further investigation on other 
conditions of cadaveric knee and in vivo is recommended. 
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Appendix-1 Mathematical derivations for RSA system 
The mathematical derivations were adopted from Mak (1979) and Tang 
(1993). Two assumptions were made for the subsequent calculation: 
1. The films were placed parallel to the panels of the plexi-glass box. 
2. The film placed for the antero-posterior projection was perpendicular to the film for 
the lateral projection. 
The open ended plexi-glass box contained a square array of four radiopaque 
markers on the four panels of the box which were used as a reference frame (Fig. A-
1.1). Each radiopaque marker got a separation of 'D' units with one another. The 
markers were labeled as Mai, with a being A or B, designating for projections A and 
B respectively, and i running from 1 to 8. The four panels of the box were labeled a j 
withj being 1 or 2. Panel a l was closer to the source while a2 was parallel to and at 
a distance 'a' units apart from a l (Fig. A-1.2). 
With this notation, the following were defined, 
a designating projection A or projection B 
fa the perpendicular distance from Qai to panel 0c2 
da the perpendicular distance from source a to panel oti 
Qai the origin of the local reference frame on the film 
Y' axis in the direction from Qai to Qa4 
X，axis perpendicular to Y' starting from Qai to the side of Qa2 
Qai(X') the X’ component of Qai with respect to the local reference frame 
Qai(Y') the Y' component of Qai with respect to the local reference frame 
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Lal = Qoc4(Y,) - Qai(Y') 
La2 = Qa7(Y') - Qa6(Y，） 
La3 = Q a 2 ( X ' ) - Q a l ( X ' ) 
La4 = Qoc6(X,) - Q a l ( X ' ) 
La5 = Qa3(Y') - Qa2(Y,) 
XA, YA, ZA - the coordinates of the global reference system fixed on panel A2 with 
MA2 as origin (Fig. A-1.1). 
Xe, Ye, Ze - the coordinates of the global reference system fixed on panel B2 with 
Mfii as origin (Fig. A-1.1). 
After defining the various notations, the 3-dimensionaI coordinates of the x-
ray source (Sx, Sy, Sz) and film (Fx, Fy, Fz) were located from trigonometry 
calculation. From Fig. A-1.3, 
L a l / D = ( d a + a + f a ) / (da + a ) 
U l f D = ( d a + a + f a ) / d a 
Solving for fa, and da, thus 
da = aLai/(La2 " Lal) and 
fa = (da + a) (Ui/D - 1) 
二 a [ L a l / ( L a 2 - L a l ) + 1] (UlfD - 1) 
From Fig. A-1.4, 
-Yi / fA 二 SA(YA) / ( d A +a) 
-Y5 / (fA + a) = SA(YA) / dA 
If the film was placed parallel to the panel of the box, Y5 - Y � w a s equal to QAs(X') 
and was denoted by YA5. Thus, 
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YA5 = Ys - Yi = -SA(YA) [(fA + a) /dA - fA/(dA + a ) ] 
S A ( Y A ) = [ -YA5(dA + a ) dA] / a(fA + d^ + a) 
Substituting 丫八5, dA, fA 
SA(YA) = -D . QAs(X') / (L2 - Li) 
From Fig. A-1.5 
SA(ZA) / (dA +a) 二 -Zi / fA 
SA(ZA)/dA = - z 5 / ( f A + a ) 
Note that Z5- Zi isjust QAs(Y'), thus 
SA(ZA) = - QA5(Y') / [ (fA + a) / dA - fA 丨(廿八 + a)] 
SA(XA) = da + a 
Repeating the above procedure, the location of x-ray source B was also 
calculated. Therefore, the location of the x-ray source in general equation was: 
Sa： { ( da + a), - D . Q a 5 ( X , ) / ( L « 2 " U a ) , - Q a 5 ( Y ' ) / [ ( f ^ + a) / da _ f a 丨(d« + a ) ] } 
where a = A or B depending on projection A or B. 
For the location of film: from Fig. A-1.6, 
-FA(XA) / SA(XA) = fA / (dA + a ) 
= - F A ( Y A ) / SA(YA) 
= - F A ( Z A ) / SA(ZA) 
Thus, 
FA(YA) = -fA • SA(YA) / (dA + a) 
FA(ZA) = -fA • SA(ZA) / (dA + a ) 
FA(XA) 二 - fA 
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Therefore, the location of the film in the general form was: 
Fa： {-fa, -fa . Sa(Ya) / (da + a), -f^ . Sa(Za) / (d. + a)} 
where a = A or B depending on projection A or B, 
and da = aLai/(La2 - Lai) and 
fa = a[Lal/(La2 _ Ud) + 1] (Ul /D -1) 
The locations of the x-ray sources and films were calculated by the known 
dimensions 'D' and the measured values from the biplane x-ray films. These values 
were with reference either to XA，丫八，Z^ (the coordinates of the global reference 
system fixed on panel A2 with MA2 as origin) or to Xe, Ye, Ze (the coordinates of the 
global reference system fixed on panel B2 with Mei as origin). The following 
operation was performed so that XA, 丫八，Z^ was the global reference frame for both 
the x-ray system and the video camera system. 
If F denoted the relative vector from MA2 to Mei. The location vectors SB, Fe 
were related in terms of the XA, YA and ZA coordinate system, with reference to Fig. 
A-1.1, by the following transformations: 
SB(XA)=F(XA)+SB(YB) 
SB(YA) - F(YA) - SB(XB) 
SB(ZA) 二 F(ZA) + SB(ZB) 
F e ( X A ) = F ( X A ) + FB(YB) 
FB(YA)-F(YA)-FB(XB) 
FB(ZA)-F(ZA) + FB(ZB) 
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Fig. A-1.1. The plexi-glass box as reference frame (The calibration markers on the 
plexi-glass proximal to the source were represented by solid cross, while the distal 
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Appendix-2 Computer program for the RSA svstem: BP41.EXE (modified from Tang 
1993) 
PROGRAMBP41; 
TYPE QA_ARRAY=ARRAY[ 1. .8,1. 2]OF REAL; 
A_ARI^Y=ARRAY[ 1..3] OF REAL; 
P_ARRAY=ARRAY[ 1.. 2] OF REAL; 
PL ARRAY=ARRAY[ 1. .4,1.. 3 ] OF REAL; 
DP_ARRAY=ARRAY[ 1 .4] OF REAL; 
VAR PERR,TRNSL,ADIST :REAL; 










Hname ; String; 
P,PL :PL_ARRAY; 
set—number, loop_cnt : integer; 
PROCEDURE SRCFLM (Q:QA ARRAY;A:REAL;VAR S,F:A_ARRAY); 
VAR D,Ll,L2,L3,L4,L5,SS,FF:R£AL; — 





























QQA[3 ]: =FFA[3 ]+PPA[2]； 
QQB[l]:=FFB[l]+PPB[l]; 
QQB[2]:=FFB[2]; 
QQB [3 ]: =FFB [3 ]+PPB [2]； 



































PROCEDURE LIGMNT (PPL:PL_ARRAY;VAR DDP:DP_ARRAY); 
B E G m 
F0RI:=1 T0 2 D 0 
B E G m 
M:=l+2-
DDP[I]:=0; 





FORI:=3 T0 4 D 0 
BEGDs[ 
DDP[I]:=0; 














write ('Please input file SXcT ==�•)； 
readln (infile); 
IF (length(infile) <> 4) then 
begin 
writeln ('****** Program abort ******'); 
writeln ('****** Program abort ******'); 
writeln (丨 * * * * *氺 Missing or incorrect input ******'); 
writeln ('****** Program abort ******'); 
writeln ('****** Program abort ******'); 
end 
else begin 
{* infile --> SXcT ieS833 
Fname= SXcTl.dat ie S8331.dat 
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Hname = SXcT2.dat ie S8332.dat 
Gname = SXcTR.txt ie S833R.txt 
*} 
Fname :=infile + 'l.DAT'; 
Hname := infile + '2.DAT'; 











{**} WRITELN(G,'LOCATION OF X-RAY SOURCE AND FILMS'); 
write (G, 'set id : •); 
writeln (G, infile+'R.txt'); 
WRITELN (G;SA=', SA[l]:9:2,SA[2]:9:2,SA[3]:9:2); 
WRITELN(G,'FA=',FA[l]:9:2,FA[2]:9:2,FA[3]:9:2); 
F0RI:=1 T0 8 D 0 









{**} WRITELN (G,'SB= ', SB[l]:9:2,SB[2]:9:2,SB[3]:9:2); 
WRITELN(G, TB= ',FB [ 1 ]: 9:2,FB [2]: 9:2,FB [3 ]: 9:2); 
WRITELN(G); 
set_number := 5; {* set of points - 4, 3, 3, 3’ 3 *} 
Np-:= 4; 
for loop_cnt:= 1 to set_number do 
begin 
ifloop cnt < � 1 then NP := 3; 
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FOR k:=l TO NP DO 
BEGm 
READLN (F, PA[l],PA[2]); 






FOR j:=l T0 3 D 0 
P[K,J]:=PP[J]; 
WRITELN (G,'point', K；= ',PP[l]:9:2,PP[2]:9:2,PP[3]:9 2; perr=',PERR:5:3) 
END; 
writeln (G); 




FOR K:=1 TO 4 DO 
begin 




{**} WRITELN (G, 'ligmnt completed'); 
WRITELN (G); 
FOR r = l TO 4 DO 






WRITELN ('program completed'); 




Appendix-3 Computer program to find the center ofthe external markers: 




TYPE subscript = l..n; 
coeffmatrix = ARRAY [subscript,subscript] OF real; 
vector = ARRAY [subscript] OF real; 
coordinate = ARRAY [ 1 ,.m] OF real; 
VAR a : coeffmatrix; 
infile, resultSTR : string; 
b,x : vector; 
singularitydetected : boolean; 
datafilel,datafile2 : text; 
no—coordinate : integer; 
x_coordinate, y_coordinate : coordinate; 
centre : coordinate; 
first,second,third, counter : integer; 
radius : real; 
sumx,sumy, sumradius,average_x,average_y,average_radiiis : real; 
loop—cnt : integer; 
inputfile, outputfile : string; 
PROCEDURE readcoordinates; 







read(datafile 1 ,x_coordinate[p]); 










a[l , l] ~ 2*x coordinate[first]; 
•“ ‘ J _^ L. J ？ 
a[l,2] :=2*y coordinate[first]; 
a [ l , 3 ] := l ;— 
b[l] := -(x_coordinate[first]*x_coordinate[first]+ 
y_coordinate [first] * y_coordinate [first])； 
a[2,l] :=2*x coordinate[second]; 
a[2,2] := 2*y coordinate[second]; 
a[2,3]:=l; 一 
b[2] := -(x_coordinate[second]*x_coordinate[second]+ 
y_coordinate[second]*y_coordinate[second]); 
a[3,l] ~ 2*x_coordinate[third]; 
a[3,2] : - 2*y_coordinatefthirdj; 
a[3,3]:=l; _ 




CONST assumedzero = 0.000001; 
VAR i,j,k : subscript; 
multiplier : real; 
PROCEDURE swap(VAR x,y :real); 
VAR t :real; 





for k:= i + 1 to n do 
ifabs(a[kj])> abs(a[l,i]) then l:=k; 
192 
if abs(a[l,i])<=assumedzero then 
singularitydetected := true 
else if i<>l then 
begin 









if not singularitydetected then 
for k:= i+1 to n do 
begin 
multiplier := a[k,i]/a[i,i]; 
FORj :=i+1 TOnDO 
a[kj] := a[k,j]-multiplier*a[ij]; 
b[k] := b[k] - multiplier* b[i]; 
a[k,i] := 0 
END; 
i:=i+l 
until (i=n) or singularitydetected; 
if not singularitydetected then 
singularitydetected := abs(a[n,n])<=assumedzero 
END; 
PROCEDURE backsubstitution; 
VAR i j : subscript; 
s : real; 
BEGm 
FOR i:= n DOWNTO 1 DO 
BEGESf 
s:=b[i]; 
F O R j : = i + l TOnDO 
s :=s-a[ij]*xD]; 





write('x_coordinate', counter:2,' = ',-x[l]:10:4); 
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sumx :=sumx + -x[l]； 
write('y_coordinate', counter:2,' = ',-x[2]:10:4); 
sumy :=sumy + _x[2]； 
radius:= abs(sqrt(sqr(-x[ 1 ])+sqr(-x[2])-x[3])); 
sumradius := sumradius + radius ； 
writeln('radius', counter:2, ‘ = ',radius:10:4); 
End; 
PROCEDURE AVERAGE(sumin:real; VAR average_out:real); 
BEGDsf 
average_out := sumin / counter 
End; _ 
BEGIN {main program} 
writeln(' •); 
write ('Enter data set : SXcTv ==> '); 
readln (infile); 
outputfile ~ infile + '.DAT'; 
assign(datafile2,outputfile); 
append(datafile2); 
for loop_cnt := 1 to 12 do 
begin 
ifloop_cnt < 10 then 
begin 
str(loop cnt:l, resultSTR); 















For first :二 1 to no—coordinate -2 do 
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for second := first+1 to no—coordinate - 1 do 
for third := second+1 to no_coordinate do 
BEGm “ 
counter := counter+1; 
computecoefficients; 
elimination; 
if singularitydetected then 










write (datafile2, average_x:10:4); 





Appendix-4 Data and statistical results 
Appendix 4-1 Data for the accuracy test of the PEAK motion measurement system 
Table A-4.1 • Data for 5 mm diameter external markers with separation 9.06 mm. 
(1) Short measurement in 
distance mm 
trial 
size of separation between markers = 
markers = 9.0617 mm 
5 mm 
Position i Dtm Mpeaki SD of 100 data SE Difference between Square 
Dtm and Mpeaki 
1 9.0617' 9.732 0 . 4 ^ 0.04725 -0.67033 0.4493423 
2 9.0617" 9.901 0.341? 0.03455 -0.83933 0.7044748 
3 9.0617" 9.686" 0.3802 0.03802 -0.62433 0.3897879 
4 ~ 9.0617 9.083 0.4351 _ 0.04351 ‘ -0.02133 0.000455 
5一 9.0617 — 9.183 — 0.6851 0.06851 -0.12133 0.014721 
6 ~ 9.0617 ~ ~ 9.392 — 0.3571 0 . 0 3 5 ^ -0.33033 0.1091179 
7 — 9.0617 9.251 0 .3648~ 0.03648 “ -0.18933 0.0358458 
8 ~ 9.0617 — 9.291 ~ ~ 0.337 0.0337 -0.22933 0.0525922 
9 — 9.0617 9.191 0.5275 ~ 0.05275 “ -0.12933 0.0167262 
10一 9.0617 — 9.301 0.2503 0.02503 -0.23933 0.0572788 
11— 9.0617 ~ ~ 8.913 — 0.1995 0 . 0 1 9 ^ 0.14867 0.0221028 
12~ 9.0617 — 9.278 0.5914 0.05914 -0.21633 0.0467987 
13一 9.0617 — 8.955 — 0.6758 0.06758 0.10667 0.0113785 
1 4 ~ 9.0617 ~ ~ 9.29 — 0.8593 0 . 0 8 5 ^ -0.22833 0.0521346 
15~ 9.0617 — 8.676 — 0.2583 0 . 0 2 5 ^ 0.38567 0.1487413 
16~ 9.0617 — 9.57 0.6569 0.0656"? -0.50833 0.2583994 
17一 9.0617 ~ " 9.359 0.4684 0.04687 -0.29733 0.0884051 
18一 9.0617 9.768 0.4344 0.04344 -0.70633 0.4989021 
19一 9.0617 — 9.67 ~ ~ 0.581 O.OSST -0.60833 0.3700654 
2 0 ~ 9.0617 — 9.67 — 0.581 O.OSST -0.60833 0.3700654 
21一 9.0617 — 9.615 — 0.3561 0.03561 -0.55333 0.3061741 
2 2 ~ 9.0617 — 9.303 0.2855 0.02855 -0.24133 0.0582402 
2 3 ~ 9.0617 9.444 0.5688 0.05688 -0.38233 0.1461762 
24一 9.0617 — 8.893 0.7157 0.07157 0.16867 0.0284496 
— Max 0.08593 
] ] ^ ^ ^ % 0.94828 “ Mean square 
— “ 0.1765156 
— 一 一 RMS — 
^ ] ^ ] ^ — “ 0.420138 
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Table A-4.2. Data for 5 mm diameter external markers with separation 20.19 mm. 
(2) Long measurement 
distance in mm 
trial 
size of separation between markers = 
markers = 20.18667 mm 
5 mm 
Position i Dtm Mpeaki SD oflOO data SE Difference between Square 
Dtm and M 
1 20.1867 20.24 0.4474 0 . 0 4 ^ -0.05133 0.0026348 
2 20.1867 20.18 0.3366 0 .033^ 0.00767 5.883E-05 
3 20.1867 20.15 0.4646 0 . 0 4 ^ 0.03467 0.001202 
4 20.1867" 20.3~ 0.2503 0.02503 -0.10933 0.011953 
5 20.1867 20.11 0.2945 0 . 0 2 ^ 0.07767 0.0060326 
6 — 20.1867 20.61 0.3573 ~ 0.03573 -0.42133 0.177519 
7 — 20.1867 21.15 0.306— 0.0306 -0.96333 0.9280047 
8 — 20.1867 21.01 0.3076 ~ 0.03076 -0.82733 0.6844749 
9 — 20.1867 19.82 0.322 ~ 0.0322 ‘ 0.36667 0.1344469 
10 20.1867 21.13 0.3183 0.03183 -0.94033 0.8842205 
11 ~ 20.1867 — 21.34 — 0.0844 0 .008^ -1.15233 1.3278644 
12 20.1867 20.65 0.2369 0.02369 -0.46633 0.2174637 
13 — 20.1867 20.48 0.2652 — 0.02652 “ -0.29333 0.0860425 
14 — 20.1867 20.76 0.37 ~~ 0.037_ -0.57033 0.3252763 
15— 20.1867 ~ " 20.81 — 0.4626 0.04626 -0.62233 0.3872946 
16— 20.1867 — 19.72 0.2065 0.02065 0.46867 0.2196516 
17— 20.1867 ~ ~ 20.12 — 0.3427 0.03427 0.06967 0.0048539 
18~ 20.1867 — 20.69 ~ ~ 0.4219 0.042f9 -0.50733 0.2573837 
19— 20.1867 — 20.3 — 0.3808 0.03808 -0.10933 0.011953 
20— 20.1867 — 20.77 ~ ~ 0.2206 0.02207 -0.58633 0.3437829 
21 ~ 20.1867 — 19.53 ~ ~ 0.3187 0.03187 0.66167 0.4378072 
22— 20.1867 — 20.5 — 0.231 0.023T -0.31233 0.09755 
23— 20.1867 20.51 — 0.3228" 0.03228 -0.32033 0.1026113 
24 20.1867 21 0.1949 — 0.01949" -0.81733 0.6680283 
— ~~ Max 0.0464^  
% 0.230{5I - Mean s q u a r e ^ 
— 0.3049213 
^ ] ^ ^ — 一 RJ^ 
]^]^ ]^^ ]]^ ]^ ^^ ]^^ ]2|^ ^ [^^ ^^^^^ ]^^ ]^^ ]^^ ^^ ]^^ ]^ ^ ]^^ ]^ ^^ ]^^ ]^]^ ]^ 0.552197 
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Table A-4.3. Data for 6 mm diameter external markers with separation 29.89 mm. 
measurement 
in mm 
size of separation of 
markers = markers = 29.89 
6 mm mm 
Position i Dtm Mpeaki SD of 100 data SE Differenct; between Square 
Dtm and M 
1 29.89" 29.69~ 0.2294 0.02294 0.198 0.039204 
2 29.89" 29.8~ 0.2894 0.02894 ^ o M T 
3 29.89" 29.45 “ 0.2762 0.02762 0.442 0.195364 
4— 29.89 29.81 0.2924 0.02924 0.084 0.007056 
5 29.89" 29.66 0.2304 0.02304 0.231 0.053361 
6 ~ 29.89 29.75 0.3851 0.03851 O.M 0 ^ 
7 29.89' 29.66 0.2904 0.02904 0.227 0.051529 
8 29.89. 30.03 " 0.2901 0.02901 -0.135 0.018225 
9 29.89" 30.32 " 0.2246 0.02246 -0.425 0.180625 
10— 29.89 29.64 0.2246 0.02246 “ 0.254 0.064516 
11 ~ 29.89 — 30.03 0.1728 0.01728 -0.142 0.020164 
12 29.89 30.16 0 . 2 ^ 0.02896 -0.265 0.070225 
13~ 29.89 ~ ~ 29.96 ~ ~ 0.2381 0 .023^ -0.072 0.005184 
14— 29.89 29.67 0.2582 0.02582 “ 0.224 0.050176 
15一 29.89 — 30.13 — 0.2362 0 .023^ -0.239 0.057121 
16— 29.89 — 29.83 ~ ~ 0.3334 0.03334 0.057 0.003249 
17一 29.89 — 29.58 — 0.2423 0.02423 0.312 0.097344 
18一 29.89 ~~“ 29.09 — 0.2851 0.0285T 0 0 ^ 
19— 29.89 29.65 0.3126 0.03126 ' 0.245 0.060025 
20一 29.89 — 30.36 — 0.382 0.038^ -0.467 0.218089 
21 ~ 29.89 — 29.58 — 0.1993 0.0199T 0.306 0.093636 
22— 29.89 29.7 0.2459 — 0.02459 0.191 0.036481 
23— 29.89 29.81 0.2438 0.02438 “ 0.081 0.006561 
24 29.89 一 30.21 一 0.3213" 0.Q32lT -0.315 0.099225 
— Max “ 0.0385T 
% — 0.128839 — Mean square ~~ 
一 0.0872942 
— — — 一 RMS 
0.29ii^ 
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Appendix 4-2 Data and statistical results for the reliability of the experimental set-up 
Table A-4.4. Data for testing the reliability of the experimental set-up (measurement 
in mm). 
Length 1 st set-up 2nd set-up 3rd set-up 
Between beads on 2.629 2.654 2.445 
the tibial side 
Between beads on 4.146 4.322 4.295 
the femoral side 
AM bundle 15.797 16.081 16.092 
PL bundle iZ8 12.438 12.438 
R E L I A B I L I T Y A N A L Y S I S - S C A L E ( A L P H A ) 
Analysis of Variance 
Source of Variation Sum of Sq. DF Mean Square F Prob. 
Between People 375.6508 3 125.2169 (BMS) 
Within People .1873 8 .0234 
Between Measures .0063 2 .0032 .1052 .9018 
Residual .1810 6 .0302 (EMS) 
Nonadditivity .0088 1 .0088 .2542 .6355 
Balance .1722 5 .0344 
Total 375.8381 11 34.1671 
Grand Mean 8.8448 
Tukey estimate of power to which observations 
must be raised to achieve additivity = 2.8569 
Reliability Coefficients 
N of Cases = 4.0 N of Items = 3 
Alpha = .9998 
Fig. A-4.1. ICC result of the reliability of the experimental set-up. 
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Appendix 4-3 Data for testing the migration of the tantalum beads of AM and PL 
bundles 
Table A-4.5. Distance of tibial and femoral tantalum beads in the 0 N conditions for 
the knee specimens (measurement in mm). 
AM intact partially fully PL intact partially |fully 
bundle ^ _ _ _ sectioned sectioned bundle sectioned sectioned 
knee 1 16.107 15 .6^ 14.532 ~12.55? ' 12.649 12.658 
knee2 14.078 14.841 14.37 — 9.231 9.093 8.892 
knee3 22.847 2 l J ^ 21.809 ~27.574 ' 2 7 . ^ 27.053 
knee4 24.694+ 25.35| 25.416| 28.93+ 29.76s| 29.855 
R E L I A B I L I T Y A N A L Y S I S - S C A L E ( A L P H A ) 
Analysis of Variance 
Source of Variation Sum of Sq. DF Mean Square F Prob. 
Between People 252.2323 3 84.0774 (BMS) 
Within People 2.4633 8 .3079 
Between Measures .4307 2 .2154 .6357 .5618 
Residual 2.0326 6 .3388 (EMS) 
Nonadditivity .1466 1 .1466 .3886 .5603 
Balance 1.8860 5 .3772 
Total 254.6956 11 23.1541 
Grand Mean 19.2997 
Tukey estimate of power to which observations 
must be raised to achieve additivity = 3.4559 
Reliability Coefficients 
Nof Cases= 4.0 NofI tems= 3 
Alpha = .9960 
Fig. A-4.2. ICC result of the migration test of tantalum beads of the AM bundle. 
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R E L I A B I L I T Y A N A L Y S I S - S C A L E ( A L P H A ) 
Analysis of Variance 
Source of Variation Sum of Sq. DF Mean Square F Prob. 
Between People 956.8399 3 318.9466 (BMS) 
Within People .7825 8 .0978 
Between Measures .0972 2 .0486 .4255 .6717 
Residual .6853 6 .1142 (EMS) 
Nonadditivity .0915 1 .0915 .7707 4202 
Balance .5938 5 .1188 
Total 957.6224 11 87.0566 
Grand Mean 19.6563 
Tukey estimate of power to which observations 
must be raised to achieve additivity = -1.13 60 
Reliability Coefficients 
NofCases= 4.0 NofI tems= 3 
Alpha = .9996 
Fig. A-4.3. ICC result of the migration test of tantalum beads of the PL bundle. 
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Appendix 4-4 Data and statistical results for the comparison ofthe 3-D coordinates of 
the external markers imaged by RSA and video stereography 
Table A-4.6. 3-D coordinates of external markers as imaged by RSA and video 
stereography (measurements in mm with reference to the global reference system). 
0 length condition 
X |Y |Z 
coordinates coordinates coordinates 
Video X-ray Video X-ray Video X-ray 
155.71 155.65 168.47 168*"7 一 -65.5 -66.17 
186.4 186.54 198.37 198.84 -19.94 -20.06 
130.27 1304 141.64 142.06 —-24.38 -24.12 
160.42 160.4l 176.77 176 .^ —-64.24 -64.92 
169.元 169.57 187.93 187.^ —-23.08 -23 
179.9 179.6i 196.24 196^ —-14.29 -14.32 
175 .^ 176.2T 186.07 186.64 —-19.29 -19.02 
1 4 6 . 5 146.5l 156.51 156 .^ —-19.08 -19.18 
143.26 143.4l 151.66 152.15 —-20.76 -20.51 
126.23 126.18 144.11 144.01 -29.08 -28.86 
111.6 111.43 128.15 127^ —-29.75 -29.54 
85.49| 85.32| 102.98+ 102.69+ ~-29.35| -29.05 
100N 
condition 
-62.42 - 6 3 ~ 63.68| 63.9| • 65.5[ 65.33 
-177 -17.56 47.43 47.24 —46.69 46.51 
- 2 1 . ^ -21.i 35.32 35.07 —38.12 37.57 
-63^2 -64^ 1 0 6 . 3 9 " T 0 ^ 105.65 105.8 
- 2 3 ^ -23^ 1 4 3 . 8 7 ~ T ^ ^ 144.5 144.96 
-13.03 -13.27 89.64— 89.44 89.84 89.71 
- 1 6 ^ -T? 19.93 r ^ 19.59 19.08 
-16~l2 -16.69 23.16 ^ 25.06 23.97 
- 1 7 . ^ -17.98 -6.34 -72 —-4.34 -5.5 
- 2 ^ - 2 9 ^ 1 4 1 . 5 4 ^ 4 ^ 143.83 ^ 3 . 6 7 
- 2 8 . ^ -28.69 115.98 116.4T —118.31 118.46 
-27.56| -27.77| 130.52| 130.79| 134.24| 134.04 
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R E L I A B I L I T Y A N A L Y S I S - S C A L E ( A L P H A ) 
Analysis of Variance 
Source ofVariation SumofSq. DF Mean Square F Prob. 
Between People 992159.1827 71 13974.0730 (BMS) 
Within People 6.2299 72 .0865 
Between Measures .2082 1 .2082 (RMS) 2.4543 .1217 
Residual 6.0218 71 .0848 (EMS) 
Nonadditivity 1.5978 1 1.5978 25.2829 .0000 
Balance 4.4239 70 .0632 
Total 992165.4126 143 6938.2197 
Grand Mean 67.3451 
Tukey estimate of power to which observations 
must be raised to achieve additivity = 3.2479 
Reliability Coefficients 
NofCases= 72.0 NofI tems= 2 
Alpha = 1.0000 
Fig. A-4.4. ICC result of the comparison between RSA and video stereography in 
imaging the 3-D coordinates of the external markers. 
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Appendix 4-5 Statistical analysis and predicted values of length change of ACL from 
skeletal markers and plate markers of video stereography 
* * * * M U L T I P L E R E G R E S S I O N * * * * 
Listwise Deletion of Missing Data 
Equation Number 1 Dependent Variable.. RSA 
Block Number 1. Method: Enter Skeletal Marker 
Variable(s) Entered on Step Number 
1.. Skeletal Markers 
Multiple R .80919 (Pearson product-moment coefficient ofcorrelation) 
p = 0.000 
R Square .65479 (coefficient of determination) 
Adjusted R Square .63835 
Standard Error .61568 
Analysis of Variance 
DF Sum of Squares Mean Square 
Regression 1 15.09885 15.09885 
Residual 21 7.96018 .37906 
F = 39.83276 SignifF= .0000 
Variables in the Equation 
Variable B SE B Beta T Sig T 
SKELETAL .440424 .069783 .809192 6.311 .0000 
(Constant) .580075 .169636 3.420 .0026 
End Block Number 1 All requested variables entered. 
Fig. A-4.5. The regression statistical analysis of the prediction of the length changes 
of ACL by video stereography as imaged from skeletal markers. 
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* * * * M U L T I P L E R E G R E S S I O N * * * * 
Listwise Deletion ofMissing Data 
Equation Number 1 Dependent Variable.. RSA 
Block Number 1. Method: Enter Plate Marker 
Variable(s) Entered on Step Number 
1.. Plate Marker 
Multiple R .93243 (Pearson product-moment coefficient of correlation) 
p = 0.000 
R Square .86943 (coefficient of determination) 
Adjusted R Square .86321 
Standard Error .37865 
Analysis of Variance 
DF Sum of Squares Mean Square 
Regression 1 20.04819 20.04819 
Residual 21 3.01085 .14337 
F = 139.83164 SignifF = .0000 
Variables in the Equation 
Variable B SE B Beta T Sig T 
PLATE .456213 .038580 .932432 11.825 .0000 
(Constant) .552101 .100109 5.515 .0000 
End Block Number 1 All requested variables entered. 
Fig. A-4.6. The regression statistical analysis of the prediction of the length changes 
of ACL by video stereography as imaged from plate markers. 
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Table A-4.7. Data obtained from RSA and video stereography (measurement in mm). 
RSA Video: skeletal Video: plate markers 
markers 
0.93 0.990~ 0.9：" 
- 6 ^ 0.41515 0.4968^ 
0.98 0.78357 0.9949^ 
1.02 1 .212^ 1.125^i2 
1.29 1.821^ 1.4627^ 
0.16 -0 .631^ 0.56i:^9 
0.9 1.16895 1.239^7 
2.62 1.470^ 2.519(g 
2.1 2.72217 2.284(½ 
0.18 -0.27995 -0.855^^ 
2.27 1.8Q5^ 2.1377 
3.09 2 .453^ 2.630% 
0.84 1.46618 0.899:½ 
0 0.646TT 0.139T 
1.39 1.13526 1.092(^ 
1.21 1.18436 1.039% 
0.86 1.76875 1.417:^9 
-0.03 0.59577 0.356¾ 
l_57 1.4416 1 .68^^ 
2.15 1.44131 2.3573^ 
0.84. — . 一 
0.02 1.01206 -0.157(^ 
3.12 2 .489^ 2.5173T 
2.78| 2.32514| 2.565(3 
( .=values could not be obtained from specimen 1, PL bundle in fully sectioned 
condition) 
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Appendix 4-6 Behavior of ACL as measured by RSA. 
1. AM bundle of ACL (distance in mm) 
Table A-4.8. Length changes of AM bundle as measured by RSA. 
Length changes of 
ACL due to 100 N 
anterior force 
Conditions intact partially fully sectioned 
sectioned 
k n e e l 0.927 1.285 2.104 
2 -0.09 “ 0.158 0.181 
3 0.979' 0.902 2.273 
4 1.017" 2.618 3.085 
RMS 0.8456 1.52837— 2.18765 
SD| O.53344| l.Q3Q5l| 1.2301 
2. PL bundle of ACL (distance in mm) 
Table A-4.9. Length changes ofPL bundle as measured by RSA. 
Length changes of 
ACL due to 100 N 
anterior force 
Conditions intact partially fully sectioned 
sectioned 
knee 1 0.844 0.863 0.844 
2 -0.02 -0.026 0.021 
— 3" 1 .393- 1.565 3.12 
4 1.209" 2.152 2.779 
— RMS" 1.01426_ 1.39873 2.13132 
SD! Q.62729| 0.93827! — 1.49801 
3. The combined result of the AM and PL bundles (distance in mm) 
Table A-4.10. Length changes of ACL in intact, partially, and fully sectioned 
conditions as measured by RSA. 
Length changes of 
ACL due to 100 N 
anterior force 
Conditions intact partially fully sectioned 
sectioned 
RMS 0.93374 1.46499 “ 2.15967 
SD! 0.5448! O.9i4()()45| 1.2743706_ 
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O N E W A Y 
Variable LENGTH CHANGE 
By Variable GROUP (intact, partially sectioned, fiilly sectioned) 
Analysis of Variance 
Sum of Mean F F 
Source D.F. Squares Squares Ratio Prob. 
Between Groups 2 4.2049 2.1024 2.2883 .1262 
Within Groups 21 19.2941 .9188 
Total 23 23.4990 
Fig. A-4.7. Result of One Way ANOVA comparing the length changes among the 
three groups by RSA. 
Comparison between intact and partially sectioned groups: 
t-tests for Paired Samples 
Number of 2-tail 
Variable pairs Corr Sig Mean SD SE ofMean 
INTACT .7824 .545 .193 
8 .800 .017 
PARTIAL 1.1896 .914 .323 
Paired Differences | 
Mean SD SE ofMean | t-value df 2-tail Sig 
-.4073 .580 .205 | -1.99 7 .087 
95%CI (-.892, .077) | 
Fig. A-4.8. Paired t-test result between intact and partially sectioned groups by RSA. 
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Comparison between intact and fully sectioned groups: 
Number of 2-tail 
Variable pairs Corr Sig Mean SD SE ofMean 
FULL 1.8009 1.274 .451 
8 .914 .001 
• A C T .7824 .545 .193 
Paired Differences | 
Mean SD SE ofMean | t-value df 2-tail Sig 
1.0185 .807 .285 | 3.57 7 .009 
95% CI (.344, 1.693) | 
Fig. A-4.9. Paired t-test result between intact and fully sectioned groups by RSA. 
Comparison between partially and fully sectioned groups: 
Number of 2-tail 
Variable pairs Corr Sig Mean SD SE ofMean 
FULL 1.8009 1.274 .451 
8 .897 .003 
PARTIAL 1.1896 .914 .323 
Paired Differences | 
Mean SD SEofMean| t-value df 2-tail Sig 
.6112 .609 .215 I 2.84 7 .025 
95%CI (.102, 1.120) I 
Fig. A-4.10. Paired t-test result between partially and fully sectioned groups by RSA. 
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O N E W A Y 
Variable PRE_SKE 
By Variable GROUP 
Analysis of Variance 
Sum of Mean F F 
Source D.F. Squares Squares Ratio Prob. 
Between Groups 2 2.7111 1.3555 2.1885 .1382 
Within Groups 20 12.3878 .6194 
Total 22 15.0989 
Fig. A-4.11. Result of One Way ANOVA comparing the length changes of ACL 
among the three groups by video stereography (skeletal markers). 
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t-tests for Paired Samples 
Number of 2-tail 
Variable pairs Corr Sig Mean SD SE ofMean 
SKE_INTA .9792 .343 .121 
8 .861 .006 
SKE_PART 1.1346 .810 .286 
Paired Differences | 
Mean SD SE ofMean | t-value df 2-tail Sig 
I 
-.1553 .543 .192 | -.81 7 .445 
95% CI (-.609, .299) | 
Number of 2-tail 
Variable pairs Corr Sig Mean SD SE ofMean 
SKE_FULL 1.7897 1.078 .408 
7 .919 .003 
SKE_INTA .9097 .304 .115 
Paired Differences | 
Mean SD SE ofMean | t-value df 2-tail Sig 
I 
.8800 .808 .305 | 2.88 6 .028 
95%CI (.133, 1.627) j 
Number of 2-tail 
Variable pairs Corr Sig Mean SD SE ofMean 
SKE_FULL 1.7897 1.078 .408 
7 .991 .000 
SKE_PART 1.0440 .829 .314 
Paired Differences | 
Mean SD SE ofMean | t-value df 2-tail Sig 
I 
.7457 .279 .105 | 7.08 6 .000 
95% CI (.488, 1.003) | 
Fig. A-4.12. Multiple paired t-tests result among the 3 ACL conditions by video 
stereography (skeletal markers). 
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t-tests for Paired Samples 
Number of 2-tail 
Variable pairs Corr Sig Mean SD SE ofMean 
AM_INTACT .7083 .533 .267 
4 .947 .053 
PL_INTACT .8565 .627 .314 
Paired Differences | 
Mean SD SE ofMean | t-value df 2-tail Sig 
I 
-.1483 .210 .105 1 -1.41 3 .253 
95% CI (-.482, .186) | 
Number of 2-tail 
Variable pairs Corr Sig Mean SD SE ofMean 
AM_PARTIAL 1.2407 1.031 .515 
4 .862 .138 
PL—PARTIAL 1.1385 .938 .469 
Paired Differences | 
Mean SD SE ofMean | t-value df 2-tail Sig 
I 
.1022 .525 .262 | .39 3 .723 
95% CI (-.733, .938) | 
Number of 2-tail 
Variable pairs Corr Sig Mean SD SE of Mean 
AM—FULL 1.9108 1.230 .615 
4 .818 .182 
PL_FULL 1.6910 1.498 .749 
Paired Differences | 
Mean SD SE ofMean | t-value df 2-tail Sig 
I 
.2197 .862 .431 | .51 3 .645 
95%CI (-1.152, 1.592) | 
Fig. A-4.13. Paired t-tests comparing the length changes of AM and PL bundles in 
intact, partially and fully sectioned conditions measured by RSA. 
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t-tests for Paired Samples 
Number of 2-tail 
Variable pairs Corr Sig Mean SD SE ofMean 
SK_AMJN .8505 .339 .169 
4 .886 .114 
SK_PLJN .9573 1.093 .546 
Paired Differences j 
Mean SD SE ofMean | t-value df 2-tail Sig 
I 
-.1068 .808 .404 | -.26 3 .808 
95%CI (-1.392, 1.178) | 
Number of 2-tail 
Variable pairs Corr Sig Mean SD SE ofMean 
SK_AM_PA 1.6752 1.359 .680 
4 .965 .035 
SK_PL_PA 1.1080 .341 .170 
Paired Differences | 
Mean SD SE ofMean| t-value df 2-tail Sig 
I 
.5672 1.034 .517 | 1.10 3 .353 
95%CI (-1.078,2.213) | 
Number of 2-tail 
Variable pairs Corr Sig Mean SD SE ofMean 
SK_AM_FU 1.3119 .502 „251 
4 .608 .392 
SK_PL_FU 251.2067 498.529 249.265 
Paired Differences | 
Mean SD SE ofMean| t-value df 2-tail Sig 
I 
-249.895 498.224 249.112 | -1.00 3 .390 
95%CI (-1042.68, 542.891) | 
Fig. A-4.14. Paired t-tests comparing the length changes of AM and PL bundles in 
intact, partially and fully sectioned conditions measured by video stereography. 
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